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Summary 
 
    Silicoaluminophosphates molecular sieves (SAPOs) are microporous materials with 





SiO2 tetrahedral units. Since 1980s, SAPOs were discovered and became attractive 
catalysts because of their specific molecular dimension and sieving effects, large 
adsorptive area, fair acidity and good thermal stability. Thus, SAPOs could be used in 
petrochemical industries especially in petroleum cracking and oxygenates 
(methanol/dimethyl ether) conversion. In oxygenates conversion reactions, SAPOs 
exhibited excellent light olefins yield together with advantageous aspects such as 
medium reaction temperature, low by-product formation and controllable product 
ethylene/propylene ratio to provide olefin supply/demand. 
    This study describes the catalytic performances of SAPO in methanol to olefins 
particularly (ethylene and propylene) reactions by synthesizing 4 types of SAPOs, 
namely, SAPO-34, SAPO-18, SAPO-17 and SAPO-44 with a pure crystalline phase, 
characterizing with X-ray diffraction (XRD), scanning electron micrograph (SEM), 
physical adsorption of nitrogen and thermal analysis (TGA) techniques and evaluating 
catalytic performances in a fixed-bed micro-reactor operating at 400 ˚C and 
atmospheric pressure. Olefin selectivity is found to be better when the catalyst has 
smaller particle size and larger pore volume and their framework topology. The 
optimum olefin selectivity is found in SAPO-34 while longest activity is observed in 
SAPO-18. These results show good agreement with previous studies when this 
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    Furthermore, SAPO-18 and SAPO-34 with a wide range of Si/Al value (0.1 -0.5) 
were synthesized and tested on methanol to olefins (MTO) and dimethyl ether to 
olefins (DTO) reactions as well aiming to investigate the acidic properties of SAPOs 
with their catalytic performances.  Silicon has been incorporated into the crystalline 
framework of pure AlPO4. In comparison with former studies, SAPO-18 with highest 
silicon content (Si/Al = 0.5) is successfully synthesized with high acidic concentration 
in this study. Further characterization for SAPOs with different silicon content has 
been focused on nuclear magnetic resonance (NMR) and temperature-programmed 
desorption of NH3 (NH3-TPD) techniques to determine how the Si atoms located and 
generated acid sites and acidity. 
    The silicon atoms incorporation mechanism and acid strengths of SAPOs related to 
each other and these are important factors in determining the catalytic activity. The 
catalytic performances of SAPO-18 and SAPO-34 with different silicon containing 
catalysts are tested in MTO reaction with weight hourly space velocity (WHSV) of 
23.5 h
-1
. The influence of acidity in catalysts especially activity and selectivity to light 
olefins are examined and reported.    
    In addition, this study offered a systematic investigation in DTO reactions (WHSV 1 
h
-1
) over SAPO-18 and SAPO-34 catalysts. It can be seen that SAPO-18 with less 
silicon concentration (Si/Al = 0.1) catalyst performed the best by showing excellent 
lifetime of 200 min in MTO reaction and over 350 min in DTO reaction with 
promising  olefin selectivity of about 77% while SAPO-34 has highest olefins 
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    Light olefins (mainly ethylene and propylene) are important raw feeds in the 
petrochemical industry that are produced from crude oil. Specifically, light olefins are 
the raw materials for polymers production such as polypropylene, polyethylene and 
poly vinyl chloride etc (Wei et al., 2007). For various reasons including geographical, 
economic, political, and diminished supply considerations, the art has long sought for 
sources other than petroleum for the massive quantities of raw materials that are 
needed to supply the demand for light olefins. Methanol and dimethyl ether that can be 
produced from natural gas and renewable biomass via the syngas route are alternative 
sources for light olefins.  
    Methanol can be produced from coal, natural gas or renewable biomass via syngas 
route. Thus, it is of great significance to convert methanol to light olefins (MTO) in 
view of sustainable economic development. Moreover, methanol synthesis from 
natural gas via syngas route is a promising feed to olefins production because natural 
gas possess high-reserve forecast. 
    Mobil (Keading and Butter, 1980) and UOP/Hydro (Vora et al., 1997) were the first 
to use molecular sieve catalysts to catalytically convert methanol to light olefin. The 
UOP/Hydro process is based on silicoaluminophosphate (SAPO) catalysts and they 
verified high olefins selectivity of these catalysts. 
    Microporous silicoaluminophosphates (SAPOs) are interesting solid catalysts in 
chemical processes because of their specific molecular dimension, useful pore 
structure in shape selectivity, having medium acidity and good thermal stability. 
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SAPOs with eight-ring pore openings have proven attractive catalysts in the MTO 
process (Lok et al., 1984). In addition, higher propylene yield can be obtained at lower 
operating temperature than traditional cracking method (Wu et al., 2004; Wilson and 
Barger, 1999). However, the application of SAPOs in the MTO process has some 
limitations (Marchi and Froment, 1991; Aguayo et al., 1999): 
 Rapid coke formation due to small pores of SAPOs (though a fluidized-bed 
reactor can be used); 
 Catalytic activity and product selectivity cannot be simultaneously increased; 
 Highly exothermic reactions. 
    To solve these problems, (Lee et al., 2007; Popova et al., 1998; Izadbakhsh et al., 
2009; Wu et al., 2001; Lee et al., 2009), many strategies have been proposed, such as 
the dilution of methanol feed, varying the space velocity of methanol, controlling 
particle morphology, synthesizing from different chemical sources and controlling 
acidity of catalysts. However, the MTO process over SAPO catalysts has yet been 
commercialized because these limitations have not been totally eliminated. 
    In addition to methanol, dimethyl ether (DME) is another feedstock for light olefins. 
DME itself is a very clean chemical without releasing sulphur compounds, NO and 
CO gases. Like methanol, DME can be produced from both renewable sources like 
biomass and non-petroleum sources like natural gas. Importantly, DME to olefins 
(DTO) reactions are thermodynamically more favorable than the MTO reactions 
(Kolesnichenko, 2009). In comparison with the MTO process, less study has been 
carried out on the DTO process. 
   The present research aims to synthesize different types of SAPOs that are potential 
catalysts in the MTO process, characterize the physicochemical properties and test 
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their catalytic performances using a fixed-bed microreactor. The scope of this thesis 
work includes the following aspects: 
 Preparation of different SAPOs 
 Characterization of the SAPOs 
 Evaluation of catalytic properties of the SAPOs in the MTO reaction 
 Investigation of the influence of the acid strengths of the SAPOs on the 
catalytic activity and selectivity 
 Evaluation and comparison of the SAPOs in the MTO and DTO reactions. 
    This thesis was organized into six chapters. After a brief introduction in Chapter 
1, Chapter 2 summarizes the literature on the MTO reaction, SAPOs materials 
developments in the MTO reaction, and the properties and characterization techniques 
for porous materials. In addition, the DTO process and the current developments are 
also included in Chapter 2. The four different types of SAPO molecular sieves that 
were synthesized, characterized and investigated in the MTO reactions are presented 
in Chapter 3. The systematic study between the catalytic activity and silicon 
concentration of SAPOs in the MTO reaction is presented in Chapter 4. Chapter 5 
presents the catalytic performances of SAPOs with different silicon concentrations in 
the DTO reaction. Finally, conclusion and recommendation for future development are 
summarized in Chapter 6. 
 
     
 
 Chapter 2. Literature Review 




    Literature review on the nature of methanol/dimethyl ether to olefins (MTO/DTO) 
reactions, silicoaluminophosphate (SAPOs) molecular sieves, the characterization 
techniques of porous materials and the factors that enhance the MTO/DTO reactions 
over SAPO catalysts have been presented in this chapter. Furthermore, the update 
methanol to olefins technology in recent researches has been summarized. 
2.1 Shape-Selective Molecular Sieves 
    Since heterogeneous catalysts performed an important position in petroleum 
chemistry, shape –selective catalysis possessed an attractive role in synthesis of 
organic chemicals, processing of petroleum fractions and fuels. Shape-selective 
catalysts have the molecular-sieving function in action during a catalytic reaction that 
distinguishes between the reactant, the product or the transition state species in terms 
of the relative sizes of the molecules and the pore space where the reaction occurs. 
While the selectivity of other heterogeneous catalytic reactions mainly occurs from 
catalyst surface and reacting molecules interaction, shape-selective catalysis perform 
space restrictions on the reactions based on the shape of reactants, products or 
transition states. (Song et al., 2000) In fact, it allows only the molecules which are 
smaller than pores as reactants and those which can diffuse out of the pores as products. 
 
     
Table 2.1 examples of some molecular sieves and their pore dimensions                            
(Barrer, 1982) 
Structure type Pore size Pore Shape 
Erionite 3.6 x 5.1 ˚A Elliptical 
ZSM-5 5.3 x 5.6 ˚A Elliptical 
Zeolite-A 4.1 ˚A Circular 
MCM-41 15-100 ˚A Circular 
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 Types of shape selective reaction 
    Reactant shape selectivity: It can be occurred only certain reactant molecules are 
allowed in reaction while the feed contained other types of molecules whose sizes are 
larger than catalyst pore opening. This reaction based on intra-pore diffusional 
characteristics of reactant molecules and it was first approved by Weisz et al., (1960). 
 
Figure 2.1 Reactant shape selectivity (Forni, 1998) 
 
    Product shape selectivity: It can be occurred when there is only the selective 
formation of certain products while other products are limited because of their limited 
diffusion out of pores. The selective products are the small-sized molecules and so 
they can rapidly diffuse through the pore channel as the main products. Thus, this 
reaction bases on significant difference in diffusion coefficients between two or more 




Figure 2.2 Product shape selectivity (Forni, 1998) 
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    Transition-state shape selectivity: This reaction bases on a transition state whose 
configuration is mainly controlled by the nature of reacting molecules in the absence of 
external restriction. Although product shape- selective reaction is highly controlled by 





Figure 2.3 Transition-state shape selectivity (Forni, 1998) 
 
2.2 Methanol to Hydrocarbons 
    As the gradual depletion of crude oil reflected to the price of petroleum, many 
researches for alternatives to the petroleum have been investigated. Methanol which 
can be produced from coal, natural gas or renewable biomass via the syngas route has 
useful products over catalytic process. Thus, methanol (potential motor fuel)-to- 
hydrocarbon technology became a powerful method in fuel technology. Zeolite, ZSM-
5, discovery in the early 1970’s, by Mobil’s group was the basic of Methanol-to-
Gasoline process. The reaction path can be seen in the following equation. 
  
    In this reaction, the reaction intermediates are dimethyl ether (DME) and olefins 
(unsaturated hydrocarbons containing at least one carbon to carbon bond) but the end 
products is a mixture of methyl-substituted aromatics and paraffin. The end paraffin 
can be cut at about C10 by shape-selective effect of catalyst and it is comparable with 
 Chapter 2. Literature Review 
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normal gasoline end point. The optimum operating conditions for commercial process 
were at around 400 ˚C and a methanol partial pressure of several bars. The 
intermediates olefin formation in this reaction has attracted many researches and it was 
tried to interrupt the reaction at olefins formation point and collect. It was found that 
olefins yield can be improved by adjusting reaction conditions such as temperature, 
pressure and catalysts. Thus, methanol to olefins process became an interesting 
technique in view of sustainable economic development. (Stöcker, 1999) 
2.3 Methanol to Olefins 
    Many studies have interested methanol to olefins reactions together with the 
mechanism of the initial C-C formation and the kinetic considerations in methanol to 
hydrocarbons chemistry. They are important and fundamental steps to develop 
efficient catalyst. Generally, the reaction contains three stages firstly, dimethyl ether 
formation from methanol dehydration, secondly, the intermediate formation of olefins 
and finally the bond chain polymerization of olefins and isomerization. (Tajima et al., 
1998) The detail reaction path can be seen in the following Figure 2.4. 
 
 
Figure 2.4 Methanol to hydrocarbons reaction path (Stöcker, 1999)  
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    The mechanism for C-C formation was proposed by many studies: Vanden et al., 
(1980) and Stöcker, (1999) reported Oxonium ylide mechanism. Dimethyl oxonium 
ion was produced when dimethyl ether contacted with Brönsted acid site of catalyst 
and then changed into trimethyl oxonium ion upon further reaction with dimethyl ether. 
The surface associated dimethyl oxonium methyl ylide species were created by 
deprotonating of trimethyl oxonium ion. The ethyldimethyl oxonium ion was formed 
by intramolecular Stevens’s rearrangement or intermolecular methylation and then 





Figure 2.5 Scheme of oxonium ylide mechanism (Stöcker, 1999) 
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    Olah et al., (1984) studied olefins formation over bifunctional acid-base catalyst and 
suggested that ethylene was found as a primary product and upon further reaction by 
alkylation, higher alkenes and alkanes were formed. The carbene mechanism explained 
that the C-C bond is appeared via methylene (CH2) production. Chang and Silvestri 
(1977) reported that methylene was reacted with methanol or dimethyl ether through a 
carbenoid species of active sites and then produced ethanol or methyl ethyl ether. 
Carbenes can be formed by decomposition of surface methoxyls which was produced 
on chemisorptions of methanol on the zeolite. (Stöcker, 1999) 
    In 1998, Tajima and coworkers suggested a new mechanism for the first C-C bond 
formation via the reaction of methane and formaldehyde. Methane and formaldehyde 




 from the methanol. 
Then C-C bond can be produced rapidly from methane and formaldehyde reaction 
through by ethanol because of the difference of energy barriers between formations. 
ZSM-5 was a major catalyst which was mostly used in methanol to hydrocarbon (MTH) 
mechanistic research. 
    Broadly, there were two main proposed mechanisms in MTO conversion reaction. 
The consecutive type mechanism: ethylene was the primary olefin over methanol 
decomposition. Then, further alkylation reaction by methanol on primary olefins 
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The hydrocarbon pool mechanism: The olefins were produced through hydrocarbon 
pool (CH2)n, possibly a carbonium ion. This ion was transferred to olefins over further 
addition reaction of methanol or dimethyl ether (Liu and Liang, 1999) 
                   C2H4 
                      ↕ 
CH3OH→ (CH2) n↔ C3H6 
                      ↕ 
                   C4H8 
    But in some reports, ethylene, the first C-C bond formed in the MTO reaction can be 
produced by two different ways. Hagg et al. (1982) studied the olefins distribution 
from methanol with zeolite ZSM-5 catalyst. It was assumed that the olefins were 
formed through dehydration, alkylation and isomerization reactions of methanol while 
Tajima et al. (1998) investigation showed ethanol was an intermediate. The reactions 
of methanol on both SAPO-34 and ZSM-5 catalysts were studied by Iglesia et al. 
(1998). It was shown that shape selective effects, diffusional constraints and acid sites 
overwhelmed the product formations. Alkene selectivity was not occurred on medium 
pores, zeolites, (0.51-0.56) ˚A as the kinetic diameters of linear alkenes are smaller 
than pore channels. Thus, higher catalyst stability can be seen on medium pores. 
SAPO-34 which has similar size with linear olefins and its intermediate transport 
restrictions can give optimum ethylene selectivity but has higher diffusion path length. 
The possible routes for methanol conversion to light olefins can be seen on the 
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Figure 2.6 Conversion of methanol to lower olefins (Khadzhiev, 2008) 
 
2.4 Methanol to Olefins catalysts 
    The investigations of catalysts to selective production of olefins from methanol have 
been widely studying over the small and medium pore type microporous materials. On 
the other hand, the focus on large pore type catalysts has been limited because of its 
less selectivity to olefins then small and medium pore. The intermediate products, 
olefins, formation can be improved by retarding its further conversion to aromatics. In 
previous studies, many types of catalysts such as zeolites, silicates, aluminophosphate 
and silicoaluminophosphate were used to check the various catalytic behaviors of 
natural and synthetic catalysts. The preliminary results were summarized in Table 2.2. 
    In the 1980s, Union Carbide Corporation synthesized a new family of 
silicoaluminophosphate materials which have less acidic property than ZSM-5. The 
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SAPOs with 8-ring pore openings performed attractively in MTO reaction. Among 
them, SAPO-34 has been selected as promising catalyst to light olefins selectivity. The 
size of light olefins (~0.38 nm) is similar to that of SAPO-34 and thus products can be 
easily accessed. It was found that the decrease in olefin selectivity occurred together 
decrease in catalyst activity. Although catalysts can be regenerated to full activity, 
rapid deactivation in SAPOs is still unsolved problem until now.  
 









Product distributions (%) 
Methanol  ethylene propylene  
conversion selectivity Selectivity 
Wu (1990) H-ZSM-45 400 .- 95 55 20 
Sheldon (1983) H-ZSM-34 370 2 88.2 42.5 26.1 
Wunder and 
Leupold (1980) Mn-chabazite 400 .- 90 37 26.6 
Stöker (1999) H-ZKU-4 400  90 22 33 
Spencer (1979) H-FU-1 450 1 100 17 28 
Sheldon (1983) H-ZSM-5 370 10 47.5 12.1 26.7 
Brown (2003) P-ZSM-5 450 8 74.2 24.2 20.4 
Stöcker (1999) Fe-silicate 290 .- 90 54.4 40 
Hoelderich (1984) Borosilicate 500 7.8 100 9.5 36.9 
Kaiser (1987) Co-SAPO-34 425 0.94 100 45.3 27.1 
Cai (1995) H-SAPO-34 450 2 100 38.7 33.7 
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2.5 Process Application 
    Currently, there are three types of commercial developments in methanol to olefins 
production; namely MTO process by Mobil Oil, MTO process by UOP/ Hydro and 
Methanol to propylene (MTP) by Lurgi’s process.  
    During 1980-90s, Mobil introduced MTO process based on the catalyst ZSM-5 
zeolites which showed high activity in methanol conversion reactions like in MTG. 
The proposed target by Mobile group was light olefins production mainly ethylene and 
propylene. The proposed reactor was a fluidized bed type because of its better 
temperature control and heat transfer effects.  One of the primarily olefins producers, 
Tabak and Yurchak (1990) research, olefins were produced on the catalyst ZSM-5 at 
482 ˚C and methanol partial pressure of 1.02 bar in a fluidized bed. A yield of 56.4% 
C2-C4 selectivity was occurred including mainly propylene. In addition to olefins, 
35.7% of C
5+
 gasoline was produced but less light paraffin formation was occurred. 
The individual olefin yield can be varied by process parameters. Process developments 
were conducted in Mobil laboratories and tested in pilot scale. According to Mokrani 
and Scurrell (2009) review, the capacity of 100 bbl/ day demonstration plant was built 
at Wesseling, Germany. The maximum olefins yield of more than 60% and 36% of 
gasoline were achieved at operating conditions of (2.2-3.5) bar and about 500 ˚C. 
    Discovery of SAPO-34 from Union Carbide Group created a new industrial process 
in olefins synthesis. SAPOs with high selectivity to olefins particularly, SAPO-34, was 
used in new MTO process. This process was proposed by American company UOP 
and Norsk Hydro ASA (Oslo, Norway). It included three main steps, syngas formation 
from steam reforming of natural gas, methanol synthesis from syngas and finally 
olefins production. UOP process was also based on fluidized bed reactor containing 
SAPO-34 catalysts. In addition, a carbon-burn regeneration unit was integrated in 
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fluidized bed to control steady state operation. Barger et al., (2002), reported that light 
olefins mainly C2-C3 yield can be achieved up to 80% at nearly 100% conversion. The 
activity of catalyst can be maintained up to 90 days operation in fluidized bed reactor 
at the Norsk Research center. The ethylene to propylene product ratio can be varied 
between 0.75 and 1.5 by adjusting the reaction parameters. Large scale units through 
UOP technology were built in Nigeria (250,000 ton olefins per year) and China 
(600,000 ton per year). (Khadzhiev, 2008) On the other hand, there was a limitation 
which was high coke formation in catalysts that lead to rapid deactivation. Many 
researches to UOP process development have been studied. The overall UOP process 





Figure 2.7 Methanol process flow scheme (Barger et al., 2002) 
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    Lurgi developed Mobil process and also became a successful process especially, 
propylene synthesis. It included four steps: the first two steps were same with the 
previous but the latter steps were dehydration of methanol to dimethyl ether and 
olefins synthesis from dimethyl ether mainly propylene. Lurgi’s process can get nearly 
70% propylene selectivity from DME by using ZSM-5 catalyst. Lurgi used fixed bed 
reactor in olefin synthesis reaction from DME. So, high heat formation from 
exothermic reaction of methanol dehydration can be avoided by fixing methanol to 
dimethyl ether process as a separate condition. The commercial project with olefin 
yield of nearly 100,000 ton per year based on Lurgi’s process has been constructed in 
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2.6 Dimethyl ether (DME) to Olefins 
     In addition to methanol, DME is also an alternative feed for olefins production. 
DME can be produced via dehydration from methanol or direct synthesis from syn gas.  
(1) 2CH3OH↔CH3OCH3+H2O                Methanol dehydration/ DME synthesis 
(2) 3CO+3H2↔CH3OCH3+CO2               Direct DME synthesis from syngas  
Nowadays, many efforts have been emphasized on direct olefins production from 
syngas. Since DME was accepted as dehydrated compound from methanol, the DME 
to olefins (DTO) reaction should be similar to the MTO reaction.  
     The second method was direct DME synthesis from syn gas with high carbon 
monoxide conversion followed by conversion to light olefins. A new way was 
proposed by Cai, (1995) and the catalysts for each step were developed. The suitable 
catalyst for syngas to DME synthesis reaction was metal-acid bi-functional type. The 
metallic portion of catalyst was made from methanol synthesis catalyst and for acid 
type zeolites, γAl2O3 was used. The molecular sieves SAPO-34 and its modified type 
were used as catalysts for the second step, DME to light olefins conversion. These two 
reactions were tested in a fixed bed reactor. They reported that alkenes selectivity from 
DME feed was lower than that from methanol because of carbon dioxide formation 
and no water performance in reaction system. In their extended pilot plant study, their 
modified catalyst based on SAPO-34 named DO123 catalyst was used in a fluidized 
bed reactor which was series with a fixed bed reactor of DME synthesis. The reaction 
was operated at 550 ˚C at ambient pressure with space velocity between 5~7 h-1. The 
attractive results of complete conversion of DME with up to 90% light olefins were 
achieved. These results were comparable while methanol was used as feed and this 
proved that both DME and methanol were potential feeds for olefins synthesis. (Liu, 
1999) 
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    DTO reactions have a number of strong points compared to MTO reactions. In 
thermodynamic point of view, a lower pressure was favored in DME synthesis to 
achieve high conversion of CO/H2. Thus, it reduced the high energy utilization, capital 
cost and increased the use of natural gas source. Moreover, olefins production from 
DME occurred at low heat of formation because it omitted exothermic methanol 
dehydration reaction. However, the catalysts used in DTO reaction have still weakness 
in product selectivity and activity. In previous reports, mesoporous ZSM-5 had stable 
activity in DTO reaction but its selectivity to light olefins was not attractive. In 
microporous SAPO-34, rapid deactivation was the main problem in DTO reaction. 
Until to date, many researches are trying to solve these issues. (Kolesnichenko, 2009) 
    In this study, we will focus on the performance of Silicoaluminophosphates (SAPOs) 
catalyst on MTO and DTO reactions. Thus, the nature, characteristic properties and 
background information of SAPO molecular sieves on MTO/DTO will be presented in 
the following. 
 
2.7 Silicoaluminophosphates (SAPOs) 
    Molecular sieves of zeolite type crystalline aluminosilicate have been known over 
150 species which can be occurred by naturally and synthetic composition. Most of the 
well known classes are aluminosilicate, the microporous silica polymorphs and 
aluminophosphate. SAPOs are silicon substituted aluminophosphates which represent 
characteristics of both the aluminosilicate zeolites and aluminophosphates. It has a 




 and SiO2 
tetrahedral units. In synthesis reaction, SAPOs are crystallized from organic templating 
agent that contains organic amine or quaternary ammonium templates(R). Relative 
alumina, phosphate and silica sources are used in synthesis process.  
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    SAPOs have uniform pore dimensions created by its crystal structure and this 
property is useful for size and shape selective separations and catalysis. It can be 
classified as small pore; medium pore and large pore based on its pore opening. SAPO-
16 and SAPO-20 can be exampled as very small pore molecular sieves while small 
pores are of about   4.3 ˚A such as SAPO-17, 34, 35, 42 and 44. The medium pores are 
of about 6.0 ˚A and can be found in SAPO-11, 31, 40 and 41. SAPO-5 and SAPO-37 
have been known as the largest pores which have diameter of greater than 7 ˚A. 
SAPOs have mild acidity than zeolites and some of them have pore-selective property 
which is useful as adsorbents for separation and purification of molecular species as 
catalysts or catalyst supports and ion-exchange agents. (Lok et al., 1984 b) 
    In methanol to olefin (MTO) process, straight chain molecules like primary alcohols, 
linear paraffin and olefins can be produced by small-pore molecular sieves with pore 
opening of about 0.4 nm. They have pore opening of eight-membered rings which are 
different dimensions based on the shape of the rings either circular or elliptical. The 
porous systems are structured by ellipsoidal or spherical cavities linked with eight 
membered oxygen rings to generate three-dimensional channel system (Djieugoue et 
al., 2000). 
    Many studies have been focused on the performance of small-pore molecular sieves 
in methanol to olefin reaction, particularly SAPO molecular sieves. SAPOs with pore 
size range that allow n-hexane adsorption to pore system but not isobutene, achieve the 
best olefin formation in methanol conversion reactions (Barger et al., 1992). SAPO-34 
which has natural zeolite (CHA) structure showed excellent selectivity to C2-C4 olefins 
in MTO reaction. On the other hand, small pore silicoaluminophosphate molecular 
sieves such as SAPO-17(ERI), SAPO-18(AEI), SAPO-35(LEV), SAPO-44(CHA) are 
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also promising catalysts to olefin selectivity. (Dubois et al., 2003; Chen and Thomas, 





Figure 2.9 The framework topology of (a) ERI(b) AEI(c) CHA structures                              




    After discovery of SAPO molecular sieves by Union Carbide Corporation (UCC), 
many attempts have been done to test their applications. Some of them showed 
attractive selectivity in hydrocarbon chemistry. (Kaiser, 1985) In 1985, small-pore 
SAPOs were first tested in methanol conversion reaction by Kaiser from UCC. Among 
them, SAPO-34 molecular sieve with eight-ring pore openings showed excellent 
selectivity (>80%) to light olefins with complete conversion of methanol feed. SAPO-
34 is made up of 12 four-membered rings, 2 six-membered rings and 6 eight-
membered rings. It has natural zeolite CHA framework structure with circular pore 
opening of 3.8 x 3.8 ˚A. Since earlier time, it was reported that SAPO-34 can be 
synthesized by using different types of template such as morpholine, tetra ethyl 
ammonium hydroxide (TEAOH) and tetra propyl ammonium hydroxide. According to 
a b c 
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Nishiyama et al., (2009) report, crystal size between (2-5 μm) can be achieved by 
using morpholine template. On the other hand, the smallest cubic crystals of about 0.8 
μm can be synthesized by TEAOH template. The characteristics of SAPO-34 which 
enhance MTO reaction be: shape selective effect, surface acidity, particle size and 
Silicon content etc. (Wilson and Barger, 1999)  
SAPO-17 
    SAPO-17, which has framework topology of zeolite erionite structure, is made up of 
12 four-membered rings, 5 six-membered rings and 6 eight-membered rings. The 
erionite super cage has dimension of (6.3 x 13) ˚A which is made up of elliptical 
opening with a free diameter of (3.6 x 5.1) ˚A. (Barrer, 1982) Less survey has been 
conducted on SAPO-17 synthesis as there were difficulties to get pure structure type. 
The structure directing agents led to ERI structure are quinuclidine and 
cyclohexylamine. The most common impurity in SAPO-17 synthesis was SAPO-35 
while quinuclidine template was used. SAPO-34 would be formed when 
cyclohaxylamine template was used. (Djieugoue et al., 1999) Lohse et al., (1993) 
reported that silicon can be incorporated in AlPO4-17 molecular sieve over a wide 
range. But high silicon substitution in SAPO-17 synthesis needs the addition of 
hydrofluoric acid otherwise the structure favors SAPO-34 crystallization. SAPO-17 
has proved as a promising catalyst for a selective production of lower olefins from 
methanol. (Kaiser, 1985) 
SAPO-44 
    Small pore molecular sieves SAPO-44 which has a similar framework with zeolite 
chabazite structure can be synthesized by high amount of silicon substitution. The 
templating agent used in SAPO-44 formation is cyclohexylamine which is the same 
template used in SAPO-17. The previous studies reported that cyclohexylamine 
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template favors the formation of SAPO-17 structure when the gel contains less silicon 
content. On the other hand, Levyne like structure (SAPO-35) can be formed when the 
gel has medium silicon amount. Finally, high silicon concentration gel favors the 
formation of CHA structure SAPO-44 and SAPO-34(Lohse et al., 1995). In Ashtekar 
et al., (1994) report, the formation of SAPO-5 was accompanied in SAPO-44 structure 
if the template to alumina ratio was lower than 1.9 in the gel. To get pure form of 
SAPO-44, SiO2/Al2O3 ratio in the gel should be greater than 0.3. Chen and Thomas 
(1991) observed that SAPO-34 and 44 have their own template precursors and this 
created differences between them, Figure 2.10. 
    When SAPO-44 was crystallized hydrothermally, SAPO-5 was likely to occur than 
SAPO-44 but it can be eliminated by prolonged reaction time (>96 hr and <176 hr). It 
has a big crystal size range of (10-30 μm). (Prakash et al., 1994)    
    
 
Figure 2.10 Framework structures of SAPO-44 and SAPO-34(Chen and Thomas, 1991) 
 
SAPO-18 
    In 1994, Chen and co-workers reported a new microporous solid acid catalyst 
SAPO-18 with similar framework to zeolite AEI topology. (Chen et al., 1994 b) 
SAPO-18 is crystalline aluminophosphate based compound, iso-structured with AlPO-
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18. Its framework structure has double six-member rings which are made up of eight-
ring windows (six per cage). These pores opening are of about 3.8 x 3.8 ˚A and large 
enough to pass methanol, dimethyl ether, water and olefins but neither aromatics nor 
branched paraffin. The shape and size of the micropores in SAPO-18 are similar to 
those of SAPO-34 but the main structural difference is the orientation of the double 
six-membered ring units. Since SAPO-34 has been recognized as a good catalyst for 
MTO reaction, SAPO-18 that have similar pore geometry like SAPO-34 also have 
tendency to be a good MTO catalyst, too. (Wendelbo et al., 1996) Although the two 
SAPOs have similar pore geometry, SAPO-18 cannot be formed by using tetra ethyl 
ammonium hydroxide template which is a promising for SAPO-34 formation because 
this template directs the formation of 34 instead of 18. Thus, the template N, N-
diisopropylethylamine was used the formation of SAPO-18 at low silicon 
concentration. (Chen et al., 1994 a) 
 
2.8 Synthesis Process of SAPOs 
    So far, SAPOs with different structures were synthesized by using specific 
chemicals at each favorable condition. The most suitable reactant sources used in 
preparation of SAPOs are listed in Table 2.3.           
      
Table 2.3 Source of chemicals in SAPO synthesis (Lok et al., 1984) 
Phosphorous 
Source 
 Phosphoric acid 
 Organic phosphates such as triethyl phosphate 
Alumina Source  Aluminum alkoxide such as aluminum isopropoxide 
 Pseudoboehmite 
Silica Source  silica such as silica sol or fumed silica 
 silica gel, alkoxides of silicon 
Templating agent 
# 
 include tetramethyl-, tetraethyl-, tetrapropyl- or tetra 
butyl- ammonium ions 
 tri ethanol amine, cyclohexylamine, N-N 
dimethylethanolamine 
#every templating agent will not form the formation of every species of SAPOs. 
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    SAPOs can be synthesized by hydrothermal method. It is a method of synthesis of 
crystalline materials, which depends on the solubility of minerals in hot water under 
high pressure. It is possible to grow single crystals from gel solution in an autoclave 
which is a stainless steel pressure vessel and can resist to high temperature and high 
pressure. In typical hydrothermal synthesis, the solution, slurry, gel or sol is first 
prepared as starting materials. The starting materials should be known composition, 
pure and fine homogeneous mixture. Then, the nutrient is supplied along with water to 
a crystallization vessel, autoclave. Then, crystal growth is performed by heating the 
autoclave to desired reaction temperature. The products are usually formed by 
precipitation and it has stable porous structure which is obtained by the stabilizing 
effect of templates. Normally, hydrothermal synthesis is occurred at temperature above 
100 ˚C and higher than 1 bar pressure.  
    By comparing other crystal growth methods and hydrothermal synthesis, some 
advantages can be achieved by using hydrothermal method. As it usually operates at 
moderate temperature range of 100-300 ˚C and auto-generous pressure, it is possible to 
synthesize materials under their transformation temperature. Similarly, materials with 
high vapor pressure near melting points can also be synthesized hydrothermally. 
Transition metal compounds, zeolites and other microporous materials may be 
synthesized with unusual oxidation states. In terms of high reactant reactivity, 
metastable and unique condensed phase formations, to control pollution and to reduce 
energy consumption, hydrothermal method still gets much application than others 
although it has autoclave usage and crystal growth can not be visually observed.     
Therefore pure microporous SAPOs can be synthesized over a wide range of 
temperatures 100-200 ˚C under auto-generous pressure. (Somiya and Roy, 2000) 
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2.9 Characterization of SAPOs 
    Since SAPOs are porous catalysts, many characterization methods are available to 
investigate their physico-chemical properties. X-ray diffraction (XRD), Scanning 
electron microscopy (SEM), transmission electron microscopy (TEM), Nitrogen 
adsorption, nuclear magnetic resonance (NMR), Fourier transform infrared 
spectroscopy (FTIR), thermogravimetric analysis (TGA), temperature programmed 
desorption of ammonia(TPD) are the most popular techniques to access the properties 
of microporous SAPOs. (Lohse et al., 1995; Tan et al., 2002) 
    The following will cover the characterization of SAPOs including XRD, SEM, 
Nitrogen adsorption, NMR, TGA and TPD techniques to evaluate crystalline phase, 
surface morphology, external surface area, micropore volume, crystal sizes, surface 
acidity, solid state and thermal properties of microporous materials. 
X-ray diffraction (XRD) 
    XRD is the most widely used method to identify the crystallinity of SAPOs. 
Moreover, it is the main characterization technique to examine the bulk structure of 
crystals. In SAPOs, the active sites are formed on the solid surface and so XRD is 
useful to probe its bulk structure.  
    XRD performs a high intensity X-ray tube. The powder sample was made to be flat, 
compressed and scanned at a certain speed by predefined program. The diffraction is 
occurred when the X-ray beam hit to a crystal lattice. It includes X-ray reflections from 
lattice plane. According to the Bragg’s equation: 
λ=2dsinθ  
(where λ is the X-ray wavelength, d is the interplanar spacing and θ is the Bragg angle), 
the value of d in Angstrom units are observed at the diffraction peaks expressed as an 
angular position (2θ) unit. Intensities are calculated by subtracting the highest peak 
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value from the intensity of other diffraction peaks. In crystallinity test, the higher and 
sharper diffraction peaks without any base line drift prove the better crystalline 
structure with an absence of impurities. Until to date, the framework structure of 
SAPOs have analyzed by only X-ray diffraction technique. According to Patent 
literature, the X-ray powder diffraction pattern was assumed as the main fingerprint to 
identify materials. (Perego, 1998) This pattern affected the framework composition, 
framework charge, pore filling and lattice disorder of certain crystalline phase. Shown 
in the following Figures 2.11 were the X-ray diffraction scans of specific SAPO 
materials with different structures. 
 
 
Figure 2.11 X-ray diffraction patterns of SAPOs (A) SAPO-34 (Dubois et al., 2003) 




    It is the most widely used procedure to inspect the surface morphology of 
microporous materials.This technique aids to understand the shape and size of the 
particle’s outer structure through three-dimensional images of the sample. It does not 
provide the visualization of internal structure of the materials. There are three main 
advantages in SEM usage: high lateral resolution(1-10) nm, large depth of focus (100 
B 
A 
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mm at 1000 magnification) and various types of electron-specimen interaction which 
are useful in imaging or chemical anlysis. In SEM principle, the primary beam 
electrons are generated by electron gun. In order to travel of electron from source to 
sample well, vacuum condition is required. When this beam accelerates and hits the 
specimen surface,  it produces secondary and back-scattered electrons. These electrons 
are picked up by a electron detector, processed electronically and converted to pixels 
on the cathode ray tube or monitor. The working distance, the electron probe current, 
convergence angle and electron beam accelerating voltage  are the important 
parameters to achieve sharp and clear image. Moreover, the resolution range of SEM 
can be enlarged by using a field-emission source. 
    Energy dispersive X-ray (EDX) analysis can be done in SEM by EDS Detector 
which is X-ray detector used for elemental analysis based on characteristic X-rays 
emitted. EDX analysis can be used to identify materials included in sample and 
estimate their molar concentration on the surface. To prevent charging of specimens 
surface, vacuum coating under Platinum film or Carbon (Ion Sputtering Device) are 
applied. Gold or Palladium sputter-coat can be used in low-resolution work less than 
10,000 magnification. Cromium, tungsten or platinum sputter-coat under high vacuum 
conditions can be used in field-emission scanning  for high resolution. However, the 
sputter-coating is not encouraged in EDX analysis because these metals would 
interfere with the elements to be analysed. (Szynkowska, 2005) Some SEM photos of 
different SAPOs are displayed in the following Figure 2.12. 
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Figure 2.12 SEM images of SAPOs (a) SAPO-34(Zhou et al., 2008) (b) SAPO-18(Yoo 
et al., 2007) (c) EDX spectra 
 
Thermogravimetry Analysis (TGA) 
    TGA is a useful technique to predict how the materials decompose or weight loss by 
varying temperature. In SAPOs, it observes continuous water and template loss of as-
synthesizes materials upon heating of room temperature to a certain temperature 
range.(Ashtekar et al., 1994) This method supports such information of materials: 
- Decomposition temperature of material 
- Weight loss 
- Degradation by thermal properties and  
- Degradation rate. 
Nuclear Magnetic Resonance (NMR) Spectroscope  
    NMR technique can be used to study all kinds of solids like single crystals, powders, 
disordered materials, metals and superconductors. In solid state NMR, it investigates 
a b 
c 
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the magnetic interactions of atomic nuclei and that produce local structure and 
dynamics of the material. The results include such information of materials: 
-Bonding type and geometry 
-Site-site connectivity patterns  
-Spatial characteristics 
-Time scale of atomic and molecular motions. 
    Solid-state NMR is mostly applied in resolution of distinct sites of materials. To 
improve resolution in solid-state NMR, magic angle spinning (MAS) method can be 
applied. In MAS-NMR, the sample is rotated at magic angle of about 54.47 ˚ with 
respect to the magnetic field. This can enlarge the resolution by more than two orders 
of magnitude. The spinning frequencies between 5-10 kHz are suitable for the nuclei 




Si. However, like 
1
H which 
has strong magnetic dipole coupling between protons that needs the frequency range of 
20-50 kHz. (Zwanzigar, 2005) 
    In SAPOs, the framework nature and amount of acid sites greatly enhanced to 
catalytic properties. By substituting silicon atoms to aluminophosphate framework, the 
acidity can be introduced. Solid state NMR is one of the spectroscopic methods that 
studied silicon substitution mechanism and the nature of the created acid sites. For 
example 
29
Si NMR can detect not only silicon formation, but also incorporation 
method into the AlPO4 framework while there is no obvious difference in XRD pattern. 
Thus, it is valuable in monitoring the acidity of SAPOs. (Zibrowius et al., 1992) 
Temperature Programmed Desorption (TPD) 
    Catalysts are often characterized by their interaction with gases. Thermal analyses 
are very useful to predict surface modifications and bulk reactions in catalysts. 
Temperature programmed reactions such as reduction (TPR), oxidation (TPO) and 
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desorption (TPD) are well known analyses for catalysis characterization. TPO/TPR 
techniques are used for bulk analyzing while TPD is used for surface analyzing. 
    In SAPOs, TPD is performed by chemisorptions of reactive gases such as CO, NH3, 
and H2 etc. It gives information of catalyst: metal dispersion, active surface area, size 
of crystallites and surface acidity. The main objective of the chemisorptions is to 
deduce the number of active sites that can react with a fluid phase. Therefore, it is 
based on a chemical reaction which is performed by suitable reactive gas and surface 
active site of the catalyst. It observes the desorbed molecules from the surface when 
the surface temperature is increased. TPD technique includes the following stages: 
 Catalyst pretreatment 
 Pre-adsorption of the adsorbate 
 Evacuation after pre-adsorption to remove physically adsorbed gas 
 Programmed desorption 
 Detection of the desorbed gas. 
     In catalyst pretreatment, the sample is allowed under an increasing temperature with 
a constant rate. The moisture and off-gases are swept by the aid of inert gas flow such 
as helium, argon or nitrogen. A cold trap or molecular sieve trap can be used to discard 
impurity. The carrier gas should have the highest available purity and it can be chosen 
based on the type of reactive gas. Then, the catalyst can be adsorbed by pre-determined 
adsorbed gas. In the case of microporous SAPOs, ammonia is used as adsorbate gas 
because of comparable molecular size. After a certain time of adsorption, the catalyst 
is evacuated by carrier gas purging. In programmed desorption, the surface desorbs the 
chemisorbed gas with a function of temperature. The temperature increase should be 
linear and that can be achieved by performing temperature ranges from 1 to 20 ˚C per 
min in program up to available maximum temperature of 1100 ˚C. In particular case of 
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ammonia desorption from SAPOs, the temperature increase should be at least 10 ˚C 
per min to prevent re-adsorption because free ammonia re-adsorption can be occurred 
in smaller rate like 2 ˚C per min. The programmed desorption is monitored by suitable 
detector. Thermal conductivity detector (TCD) and mass spectrometers are widely 
used. In case of TCD detector, there must be thermal conductivity difference between 
carrier gas and detected gas. TCD senses changes in the thermal conductivity of the 
gases through the sample and compare it to a reference flow of carrier gas. Then, the 
TPD spectra interpret desorption of ammonia as a function of temperature from sample. 
The peaks in TPD graph refer the presence of weak and moderately strong acid sites in 
materials.  
    The desorption temperature is the temperature at a point where the adsorbed species 
desorbs from the heated surface. This temperature indicates the acid strength of sample 
that means the higher desorption temperature, the stronger the acid strength (Fadoni 
and Lucarelli, 1998).  Normally, acidity in SAPO is much weaker than that in zeolites 
and that makes different types of reaction between them. In MTO catalysts, acid 
strength and acid site density are the key parameters that control the catalytic activity. 
Physical Adsorption of N2 
    Physical adsorption of non-reactive gases (N2, He etc) understands one in 
determining specific area, pore volume and pore size distribution of a porous catalyst. 
Porous solids have higher total surface compared to its external surface because of the 









(Leofanti et al., 
1998). Since the catalyst reaction takes place on the surface of the catalyst, its area 
directly functions to activity. In addition, reactant and product molecules must pass 
through the porous system during reaction and so mass transfer process relates on pore 
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size. Thus, these morphological characteristics are fundamental important factors in 
catalyst application. 
    On the basic of pore size, porous materials are classified into three main groups: 
micropores (size < 2 nm), mesopores (size between 2 and 50 nm) and macropores 
(size > 50 nm). Some of the well known techniques and methods for characterization 
of porous materials are summarized in the following table. 
 
Table 2.4 Techniques and methods for determination of porosity (Leofanti et al., 1998) 
 
Technique Method Information Mircopore Mesopore Macropore 
 
N2 adsorption 


















































Washburn Pore volume * * * 
Kr, Ar, He 
ads.  
BET Surface area - * * 
 *available; - not available       
    Particularly in microporous SAPOs, the mostly widely used method is nitrogen 
adsorption at 77 K. The currently available N2 adsorption methods which are suitable 
for characterization of microporous materials will be presented in the following. 
Adsorption Isotherm 
    The isotherm is a fingerprint of porous materials that bases on the porous texture. It 
occur equilibrium between a fluid and adsorbent phase. According to IUPAC class, 
there are six types of isotherm shape. Type I isotherm is the most relevant to the 
present study because of microporous structure of SAPOs, Figure 2.13. 
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    Type I isotherm shows prominent adsorption at low relative pressure region. When 
the relative pressure (equilibrium vapor pressure divided by saturation vapor pressure) 
value is higher than 0.1, the isotherm would level off because of completion of 
micropore filling without capillary condensation. Although Type I isotherm is 
promising for micropore texture, there are some difficulties to study primary 




 Apart from SAPOs, some microporous solids such as active carbon and zeolites 
show Type I isotherm. 
 
Figure 2.13 Adsorption Isotherm found in microporous materials (Leofanti et al., 1998) 
 
Analysis of surface area and pore volume  
    The Burnauer-Emmett-Teller (BET) model is a well known method in calculation of 
specific surface area from monolayer capacity. In practical, this method is applicable 
for macroporous and mesoporous solids with higher value of monolayer capacity. 
Since the monolayer structure is different on all surfaces, especially for Type I 
materials which have micropore filling at low relative pressure region, BET method is 
not fully suitable. 
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    Beside BET, t- plot model developed by DeBoer group in 1965 is acceptable in 
determining surface area and micropore volume. Based on the plot by adsorbed 
volume Vs adsorbed layer thickness, the t-plot micropore area is estimated by: 
 
where m is the slope from t-plot, tm is thickness of the adsorbed layer; σ is area covered 
by one nitrogen volume and  is Avogadro’s number. The best fit depends on the 
choice of reference isotherm (plot of t versus p for non-porous material). There are 
many proposed reference isotherms for calculation of t: for example  
              (Correlation t vs p, Harkins-Jura) 
Pore volume can be calculated by  
     where Vf is volume of nitrogen to fill the pores, M is molar mass 
and is the density of adsorbate. 
   
Figure 2.14 t –plot shape of isotherms (Leofanti et al., 1998) 
 
Pore size analysis 
    The pore size distribution is mostly evaluated by well known methods such as 
Barrer, Joiyner and Halenda (BJH) method based on Kelvin equation or Horvath-
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Kawazoe (HK) method. In mesopores, where adsorption capillary condensation takes 
place, BJH method is reliable to determine pore size but on micropore filling, Kelvin 
equation is not applicable. Recently, the density functional theory (DFT) became an 
attractive approach to determine pore size distribution of microporous materials.                 
(Ravikovitch et al., 2000) It is assumed that pores are of similar shape and the 
adsorbate is an inhomogeneous fluid. Thus, characterization is by its density profile 
through the pores. DFT theory is based on either micropore filling or capillary 
condensation which is controlled by solid-fluid and fluid-fluid interaction. Practically, 
it can be applied from micropores to macropores but it is more applicable when the 
adsorbent structure and pore shape are already approved. (Sing, 2001) 
 
2.10 Factors effecting MTO reaction over SAPOs 
    In light olefin production, various starting materials like naphtha, ethane is 
conventionally used. However, there are some limitations in monitoring product 
contents with demand and others factors to be economically feasible. Reaction with 
methanol as starting material has some strong points: product olefins formation is 
occurred in medium temperature range of about 300-600 ˚C which is 
thermodynamically feasible and controllable product ethylene to propylene ratio to 
provide market demand. Catalytic activity, stability and olefin selectivity are the most 
important properties in MTO reaction. Chemically, activity can be assumed as the rate 
which is able to promote desired reaction. Economically, activity is the amount of 
product achieved from reactant based on one unit time and one unit reactor volume. 
The term stability is the resistance that against deactivation. These two properties 
relate much on catalyst structural and chemical properties. Particularly in SAPOs, the 
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factors affecting catalytic activity and stability are post synthesis modification, crystal 
sizes, methanol feed composition, surface acidity and silicon incorporation. 
    On the other hand, selectivity is the rate of desired product formation from the 
reaction but it retards undesired byproduct. SAPOs have proven its high selectivity to 
light olefins while catalyzing on methanol conversion. Reaction temperature, pressure, 
space velocity and catalyst nature are fundamental factors that overwhelm selectivity. 
 
Si incorporation 
    It is well known that a porous system in SAPO is defined by SiO4, AlPO4 and PO4 
tetrahedral units. SAPOs are derived from AlPOs by modifying with silicon. Although 
AlPO4 framework is neutral, the net charge is owned and protonic acidity is introduced 
when it was substituted with Si. Theoretically, Si can be substituted into an AlPO4 
framework by three different mechanisms. Silicon (Si
4+
) can be incorporated via 
substitution mechanism I (SM1) that consists of substitution to Al atoms. The second 
one, SM2, is derived by the substitution of a single phosphorous ion (P
5+
) in the AlPO4 
for one Si that leads a negative charge per Si atom. To compensate the framework net 
charge, the proton (H
+
) is needed. The proton attached to SiO4 tetrahedral unit forms to 
bridging hydroxyl groups, Si-O-Al species that produces Brönsted acidity. In the third 





simultaneously, results no net charge. The SM3 mechanism always forms together 
with SM2 to eliminate Si-O-P unstable bonds. The ratios P/Al and Si/AL are important 
to decide how the Si atoms substitute. In practical, the decreasing molar ratios of both 
P/Al and Si/Al in final product evidences that SM1 mechanism is not occurred. If the 
Si/Al ratio in both synthesis gel and final products are similar, the substitution would 
occurred by SM2. The high Si/Al ratio in final product refers to the presence of both 
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SM2 and SM3. The different Si environments would be created at edge of Si islands or 
at interface of Al-O-P bond by simultaneous substitution of SM2 and SM3. The 
substitution rate via SM2 and SM3 to AlPO4 framework can determine the size and 
concentration of the Si islands. (Zhao et al., 2002) The following Figure 2.15 
represents the possible silicon environments in SAPOs. For instance, the high Si 
environments can be seen in Figure 2.15 (c) Si (1Al, 3Si) and Si (4Si). For smallest 
island, it was proven in (b) which contains Si (3Al, 1Si) and (a) Si (4Al). The charge 
formation in SiO4 tetrahedral unit relates on its environment. Basically, the charge 
decreases from 1 to 0 according to the order of Si (4Al) to Si (4Si) species. Thus, the 
protonic acidity formed in SAPOs relates on Si distribution and its environment. But it 
is not directly proportional with the Si content because of different overall positive 
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Al — P — Al — P — Al — P — Al —P — Al — P 
|       |         |        |         |       |         |        |         |       | 
       P — Al — Si — Al — P — Al — P — Al — P — Al (a) 
|       |         |        |         |       |         |        |         |       | 
Al — P — Al — Si — Al — P — Al — P — Al — P 
|       |         |        |         |       |         |        |         |       | 
      P — Al —Si — Si — Si — Al — P — Al — P — Al (b) 
|       |         |        |         |       |         |        |         |       | 
Al — P — Al —Si — Al — P — Al — P — Al — P 
|       |         |        |         |       |         |        |         |       | 
P — Al — P — Al — P — Al — Si — Al — P — Al 
|       |         |        |         |       |         |        |         |       | 
Al — P — Al — P — Al — Si — Si — Si — Al — P 
|       |         |        |         |       |         |        |         |       | 
                            P — Al — P — Al — P — Al —Si —Si — Si — Al  (c) 
|       |         |        |         |       |         |        |         |       | 
Al — P — Al — P — Al —Si —Si —Si — Al — P 
|       |         |        |         |       |         |        |         |       | 
P — Al — P — Al — P — Al —Si — Al — P — Al 
|       |         |        |         |       |         |        |         |       | 
Al — P — Al — P — Al — P — Al — P — Al — P 
|       |         |        |         |       |         |        |         |       | 
P — Al — P — Al — P — Al — P — Al — P — Al 
|       |         |        |         |       |         |        |         |       | 
Al — P — Al — P — Al — P — Al — P — Al — P 
|       |         |        |         |       |         |        |         |       | 
P — Al — P — Al — P — Al —Si —Al — P — Al 
|       |         |        |         |       |         |        |         |       | 
Al — P — Al — P — Al —Si —Si — Si— Al — P 
|       |         |        |         |       |         |        |         |       | 
      P — Al — P — Al — P — Al —Si —     — Si — Al (d) 
|       |         |        |         |       |         |        |         |       | 
Al — P — Al — P — Al— Si —Si — Si —Al — P 
|       |         |        |         |       |         |        |         |       | 
P — Al — P — Al — P — Al— Si — Al — P — Al 
|       |         |        |         |       |         |        |         |       | 
Al — P — Al — P — Al — P — Al — P — Al — P 
 
Figure 2.15 Planar schemes for the distribution of Si, Al and P in Si-Al-P network 
     
    Tan et al., (2002) studied Si incorporation mechanisms in SAPO-34 crystallization. 
In their report, samples are crystallized at 200 ˚C for 24 h. Study has divided into two 
parts assuming as earlier stage up to 2.5 h crystallization and the second stage >2.5 h. 
The results showed that 80% Si incorporation via SM2 mechanism was formed in 
A
ll 
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earlier stage crystallization and that led to isolated Brönsted acid sites. The other 20% 
was formed in second stage crystallization by SM3 mechanism that created Si islands 
to be non-isolated. The Si rich environments that develop acidity of SAPO-34 might 
relate with crystallization time. 
    Recently, Xu et al. (2008) observed the importance of silicon content in SAPO-34 
synthesis gel. Samples with various Si/Al ratios (0.025-0.6) were used in synthesis 
process and tested. They reported that (Si+P)/Al ratio of product is about 1 when the 
starting gel has Si/Al molar ratio in the range of (0.075-0.2) and this proved that Si 
incorporation is via SM2. When Si/Al ratio was over 0.2, the framework (Si+P)/Al 
ratio became greater than 1 and at that time SM3 mechanism took place together with 
SM2. It can be concluded that by monitoring Si content in synthesis gel, Si 
coordination structure would be possible to adjust. Chen et al. (1994a) compared the 
Brönsted acidity of SAPO-18 samples which have Si/ (Si+Al+P) range of 0 to 0.09 to 
that of SAPO-34 which has 0.1. They showed that Si atoms substituted to both P and 
Al in SAPO-18 while there was only substitution to P in SAPO-34. This fact decided 
that the number of Brönsted acid sites in SAPO-34 were higher than that of SAPO-18.  
    Therefore, the effect of Si incorporation enhances greatly on Brönsted acidity of 
catalysts which relates to catalyst activity and stability. It is one of the key parameters 
to improve catalyst properties. 
 
Stability and post-synthesis modification  
    Although higher Si substitution in SAPOs can potentially increase the acidity, the 
high acidity promotes coke formation. In acid-catalyzed reactions, the high acid site 
density is required to crack feed molecules to olefins but it also favors the formation of 
heavy secondary products (coke) in active sites that reduces the catalyst stability 
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seriously. Studies have focused to adjust properly acid strength and site density in 
SAPOs by modifying after synthesis. This post-synthesis modification is based by 
substituting the SAPOs with metallic, non-metallic and semi-metallic materials such as 
cobalt (Co), chromium (Cr), nickel (Ni), manganese (Mn), barium (Ba), fluorine (F), 
chlorine (Cl) and others. This isomorphous substitution of elements with different 
properties alters the acid strength and concentration of SAPOs. 
    In Kang (2000) study, SAPO-34 was incorporated by Fe, Co and Ni metals and 
these catalysts were tested on methanol conversion. It was found that MTO reaction 
was enhanced by metal-incorporated catalysts and Co-SAPO-34 maintained 60% 
ethylene selectivity and 98% feed conversion until 6 h reaction time. Ni-SAPO-34 had 
highest ethylene selectivity than others when the reaction time was <4 hr. Coke 
analysis was conducted by TPO and it was revealed that Fe and Ni modified catalysts 
had low coke formation because of less number of acid sites. 
    Dubois et al. (2003) studied the performance of transition metal-modified SAPO-34 
catalyst in MTO reaction and compared with unmodified SAPO-34. They tested the 
nature and location of metal ions by magnetic measurements. All modified catalysts 
showed comparable selectivity to olefins like unmodified SAPO-34 but the 
deactivation behavior was different. MnSAPO-34 exhibited the highest stability and 
resulted an order as MnSAPO-34> SAPO-34> NiSAPO-34(I)> CoSAPO-34> Ni-
SAPO-34(II). The modified ions location enhanced greatly on catalytic stability and 
thus they have different resistance to coke formation. This was well proven by Ni 
modified catalysts which were prepared by two different procedures. Dubois et al. 
(2003) study had a little difference with the previous Kang (2000) one especially in 
stability of catalyst and this might be different reaction parameters between the two 
studies. 
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    Djieugoue et al. (2000) studied MTO reaction widely over four types of SAPO and 
their Ni modified samples also. The reactions were performed at 400 ˚C with weight 
hourly space velocity of 0.5 h
-1
. The results proved that SAPO-34 has the highest 
olefins selectivity of ~92% at <250 min time on stream. When the reaction time was 
longer, it rapidly deactivated because of its high acid strength. On the other hand, 
SAPO-35 showed lowest initial olefins yield~70% and shortest life because of its pore 
geometry which has the smallest cage. SAPO-18 has the longest lifetime among the 
four types of SAPOs because of its medium strength acid sites. In case of Ni 
modification, NiAPSO-34 showed the best in both selectivity and stability differently 
with NiH-SAPO-34 because of ion-exchange site effect. 
Feed composition                        
    To prevent coke formation, many reaction mechanisms have been proposed for 
MTO reaction. Among them, feed dilution is also an attractive method. It was well 
accepted that water was a good diluents in methanol feed (Marchi and Froment, 1991). 
It can reduce methanol partial pressure which decreases the rate of catalyst 
deactivation. They investigated the effect of water dilution to methanol feed over 
SAPO-34 catalyst in a fixed bed reactor. They reported that the formation of unwanted 
products such as aromatics, light paraffin was obviously decreased by adding water to 
the feed. On the other hand, reducing partial pressure of methanol by Nitrogen dilution 
has no significant effect. 
    Wu and Anthony (2001) also tested the effects of different diluents such as ethene, 
propene and water to methanol feed over SAPO-34 catalysts. The MTO reaction was 





 which were main olefin products in MTO reaction as co-feed. 
While C2
= 




 formation but C2
=
 selectivity 
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was decreased. It was same in propene as co-feed, C3
=
 selectivity was decreased while 
C4
=
 selectivity increased but the C2
=
 selectivity was not increased obviously like C4
=
. 
When the time-on-stream was longer up to 10 h, the selectivity difference was not 









 selectivity were changed and 
these reactions were occurred at strong acid sites of catalyst. Thus, it required stronger 
acid sites than methanol as pure feed reaction. While they studied water as co-feed, it 
was found that the catalyst deactivation rate was decreased and olefin formation was 
increased. Water molecules entered to active sites of catalyst surface and this 
prevented secondary products formation. In this way catalyst stability can be improved 
and the optimum stability was achieved while the feed was diluted with water at 74-
80% mol. 
    Recently, effects of different diluents to DME feed for light olefin production was 
reported by Kolesnichenko et al. (2009). This report based on ZSM-5 type zeolites and 
investigated the changes in selectivity and activity of the catalysts. When nitrogen was 
mixed in DME feed, the reaction favored alkanes formation and olefin selectivity was 
decreased. It was in agreed when the synthesis gas (CO+H2) was diluted to DME. 
Similarly, methanol mixing to DME feed also dramatically decreased olefin selectivity 
and increased alkanes concentration. The best catalyst stability was achieved when 
DME was mixed with steam. 
Crystal size 
    During MTO reaction over SAPOs, deactivation is still main problem and 
researches were being done to study diffusion limitation as a function of crystal size. 
Four types of SAPO-34 with different crystal size (0.25-2.5) μm were tested in MTO 
reaction at a temperature of 425 ˚C. Because of high diffusion limitation on 2.5 μm 
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size, it generated a strong coke that led lower conversion of methanol. Moreover, the 
results indicated that the formation and diffusion of DME in MTO reaction played an 
important role in catalyst deactivation. Intermediate product DME formation was 
highly occurred in too small crystal size of 0.25 μm because there might be no 
diffusion limitation to DME. In addition, it decreased olefin selectivity as small crystal 
size did not allow enough contact time for DME to olefin conversion. They proposed 
that crystal size of about 0.4-0.5 μm was the optimum condition which has high 
methanol conversion, medium DME selectivity and high olefin selectivity because of 
only diffusion limitation on DME but not on methanol. (Chen et al., 1999) 
    Recent research, Nishiyama et al. (2009) also agreed the above concept. They 
synthesized SAPO- 34 crystals with different crystal sizes by using various structure- 
directing agents. The smallest crystal size of about 0.8 µm was achieved by using tetra 
ethyl ammonium hydroxide template and it exhibited the longest catalyst stability in 
MTO reaction because of the short diffusion length and reaction time. 
Acid-site strength and pore size 
    To evaluate catalyst physical performance, acid strength and pore size are also 
important. (Aguayo et al., 1999) Acid catalysts with different properties were selected 
to investigate their porous structure and kinetic behavior in MTO reaction. Beta-
zeolites have the largest pore of about 6.5 ˚A and it favored bigger paraffin formation 
than product olefins. Although it has moderate acid strength, it was not enough to 
crack heavy paraffin formed by large pore size and led to rapid deactivation. TPD 
graph proved that SAPO-11 has only one desorption peak at low temperatures and thus 
its weak acid strength was not attractive in MTO reaction. SAPO-34 and SAPO-18 
which have small pore diameter of about 4.3 ˚A and high acid strength showed the best 
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results to olefin selectivity. But the deactivation rate of SAPO-18 is superior to that of 
SAPO-34 and it was because of less acid strength which was proved by TPD. 
Reaction parameters 
    The controlling of reaction parameters in MTO reaction would be useful to improve 
product selectivity and it may lead to various possibilities for their applications. Wu et 
al. (2004) prepared different conditions for MTO reaction in a fixed bed reactor. Their 
study based on SAPO-34 catalysts with different space velocity, reaction temperature 
and methanol partial pressures. It was proved that the catalyst deactivated rapidly on 
both extreme methanol space velocities either lower or higher. When the reaction was 
run with lower space velocity, the olefins selectivity decreased and the products 




 value was the 
highest and mainly ethylene was formed together with highest by products like CO and 
CO2. However, higher space velocity like 6 h
-1
 also led to faster deactivation of 
catalyst together with lower methanol conversion. The suggested space velocity range 
for optimum is 2.6-3.6 h
-1
 for 20% methanol and 80% water feed. On the other hand, 




 ratio. At 
lower temperature (<300 ˚C), the reaction favored oligomerization while the higher 




 ratio. The balance 
temperature range was set between 350-450 ˚C for the above feed. In pure methanol 





 value as partially deactivated catalyst mainly produced ethylene. 




 value, the MTO 





 selectivity at 100% feed conversion over SAPO-34. (Liang et al., 1990)                                        
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   In the present study, four types of SAPOs SAPO-34, 18, 17 and 44 are selected as 
preliminary catalysts and investigated in MTO reactions. It is noteworthy that different 
SAPOs have their specific properties and performed separately in MTO reactions. All 
preliminary studies showed the study of MTO reactions and tried to solve the 
limitations of MTO reaction but not totally yet. Here, SAPO-18 and SAPO-34 which 
are the highest potential catalysts in MTO reaction proved by both our preliminary 
study and previous studies, have been used to conduct a comparative study. A wide 
range of investigations have been made for catalytic performance and characterization 
of SAPOs modified by varying silicon content in synthesis gel. The present work 
emphasizes on the influence of acidity in catalytic activity and product selectivity over 
SAPOs in MTO reactions. In addition, DTO reactions over SAPOs with different 
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CHAPTER 3 
A COMPARATIVE STUDY OF THE CATALYTIC 
PERFORMANCE OF DIFFERENT SAPOs 
 
3.1 Preface 
    Microporous Silicoaluminophosphates (SAPOs) consisting of silicon, aluminium, 
and phosphorus atoms on tetrahedral sites are interesting solid catalysts in chemical 
processes because of their specific molecular dimension, proper pore structure for 
shape selectivity, intrinsic medium acidity and high thermal stability. (Kaiser, 1985; 
Lok et al., 1984) SAPOs with eight-ring pore openings have been proven as attractive 
catalysts in methanol to olefins (MTO) reactions. The rapid coke formation in the acid 
sites of SAPOs is an important step in acid-catalysed reactions. Although, previous 
wide researches attempted to investigate the catalytic performances of SAPOs over 
MTO reactions, rapid deactivation behaviour is a serious issue that should be 
addressed. (Chen et al., 1997; Liang et al., 1990) 
    In this work, we synthesized 4 types of SAPOs, namely, SAPO-34, SAPO-18, 
SAPO-17 and SAPO-44 with a pure crystalline phase. The resultant SAPOs were 
characterized using X-ray diffraction (XRD), scanning electron micrograph (SEM), 
physical adsorption of nitrogen, thermal analysis (TGA) and evaluate catalytic 
performances in MTO reaction. 
    We further compared the physicochemical properties of four SAPOs, the 
information in catalytic properties such as activity and selectivity were suggested for 
MTO reaction. 
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3.2 Experimental 
3.2.1 Materials 
    Aluminum isopropoxide, [(CH3)2 CHO]3 Al (98+ %, Aldrich), Catapal B (Pseudo 
boehmite, Al2O3, Condea Vista), Ortho-phosphoric acid, H3PO4 (85 %, Mallinckrodt), 
Hydrochloric acid, HCl (37 %, Merck), tetraethyl orthosilicate (TEOS,98 %, Aldrich), 
Fumed silica (99 %,Sigma Aldrich), tetra ethyl ammonium hydroxide solution, 
(C2H5)4N(OH) (35 wt %, Alfa Aesar), NN diisopropylethylamine C8H19N (99 %, 
Sigma Aldrich), Cyclohexylamine C6H11NH2(99 %, Aldrich) were used as received 
without further purification. The molar ratios of the components in the sample were 
specified and the mass of various components were calculated before synthesis. 
 
3.2.2 Apparatus 
Table 3.1 Apparatus 
 
Apparatus Model or Specification Manufacturer 





Hot Plate & 
Magnetic stirrer 
MR 3002 Heidolph 
Autoclave 
Stainless steel lined with 
Teflon 
Self-made 
Oven Binder FD240 Fisher Scientific 
              Balance AND GF-2000(0.5-2100 g) 
Goldbell 
Weigh-System 
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3.2.3 Preparation and synthesis of SAPOs by hydrothermal method  
SAPO-34 
    SAPO-34 was synthesized according to the method described by Dubois et al 
(Dubois et al., 2003). In a typical preparation of SAPO-34, 10.27 g of ortho-
phosphoric acid and 1 g of hydrochloric acid were diluted with 29.54 g of distilled 
water and mixed well. Then 20.4 g of aluminum isopropoxide was added to this 
mixture and then stirred. After stirring for 30 min, 3.18 g of tetra ethyl orthosilicate 
was slowly added and then stirred for 30 min. A second mixture of 1.57 g distilled 
water and 42.22 g tetra ethyl ammonium hydroxide solution (~35% in H2O) was mixed 
and prepared. Then the two mixtures were combined and the resulting gel was stirred 
for 24 h at room temperature until homogeneous. Hydrothermal crystallization was 
performed at 200 ˚C under auto-generous pressure and static condition for 24 h.  
SAPO-18 
    The synthesis of SAPO-18 was prepared by Djieugoue et al. report (Djieugoue et al., 
2000). 7.3 g of Catapal B was dissolved in 20 g distilled water and mixing well for 2 h. 
10.6 g of ortho-phosphoric acid was diluted with 20 g of distilled water and added to 
Catapal B solution drop by drop and then stirred for 2 h. 0.9 g of fumed silica was 
slowly added and then stirred for 30 min. Finally, 10.3 g of NN diisoproylethylamine 
was added and the resulting gel was stirred for 2 h at room temperature until 
homogeneous. Hydrothermal crystallization was performed at 175 ˚C under auto-
generous pressure for seven days.  
SAPO-17 
    (Prakash et al., 1997) 20.4 g of aluminum isopropoxide was dissolved in 40 g 
distilled water under stirring. 11.5 g of ortho-phosphoric acid was diluted with 5 g of 
distilled water and was added by drop wise and then stirred for 30 min. 0.3 g of fumed 
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silica was slowly added and then followed by 5 g of water. After stirring for 30 min,    
5 g of cyclohexylamine was added and the resulting gel was stirred for 2 h at room 
temperature until homogeneous. Hydrothermal crystallization was performed at 200 ˚C 
under auto-generous pressure for 2 days.  
SAPO-44  
    SAPO-44 was synthesized according to the method described by Prakash et al 
(Prakash et al., 1994). 9.2 g of Catapal B was slowly added to 15.37 g of ortho-
phosphoric acid which was diluted with 25 g of distilled water and then stirred for 2 h. 
4.09 g of fumed silica was slowly added and then followed by 47 g of water. After 
stirring for 30 min, 6.65 g of cyclohexylamine was added and the resulting gel was 
stirred for 6 h at room temperature until homogeneous. Hydrothermal crystallization 
was performed at 200 ˚C under auto-generous pressure for 2 days.  
    The synthetic conditions and detail molar concentrations of above SAPOs are 
summarized in Table 3.2. The solid products after reaction were recovered by 
centrifugation, (CT 15RT, Bench-top centrifuge with refrigerated system), washed 
with water for about five times and dried in air at 60 ˚C for overnight. The dried 
samples were known as as-synthesized SAPOs. All the as-synthesized samples were 
needed to remove organic template and therefore calcinations process was occurred in 
Muffle furnace under air flow. All the samples were carried out under same 
calcinations procedure. First the furnace was programmed to heat up the sample to 120 
˚C at a rate of 5 ˚C per min and sustaining this temperature for 2 h to remove moisture. 
Second, it was slowly heated to 550 ˚C at a rate of 2 ˚C per min and maintaining this 
temperature for 6 h before cooling it down to 30 ˚C. Template-free samples were 
known as calcined SAPOs. 
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Table 3.2 Molar concentrations and crystallization conditions in SAPOs synthesis 
Material Crystallization Si/Al Remarks 
SAPO-34 200  ˚C-1 d 0.15 2TEAOH/0.3SiO2/Al2O3/1.3P2O5/50H2O 
SAPO-18 175  ˚C-8 d 0.15 1.6C8H19N/0.3SiO2/Al2O3/0.92P2O5/50H2O 
SAPO-17 200  ˚C-2 d 0.05 1CHA/0.1SiO2/Al2O3/P2O5/61H2O 
SAPO-44 200  ˚C-6 d 0.50 1CHA/SiO2/Al2O3/P2O5/60H2O 
 
3.2.4 Characterization 
X-ray Diffraction (XRD) 
    XRD measurements were performed on a XRD -6000 Shimadzu diffractometer at 
40 kV and 30 mA X-ray tube with Cu Kα radiation (λ=0.15418 nm). The samples were 
analyzed at a scanning rate of 3 degree per min over the range between (5- 50) ˚. 
 Thermogravimetric Analysis (TGA)  
    TGA and differential TGA (TGA) analyzes were carried out in a TGA 2050 
thermogravimetry Analyzer under N2 atmosphere. SAPOs were heated from room 
temperature to 800 ˚C at a rate of 10 ˚C per min. The material degradation rate was 
measured as a function of temperature. This experiment included nitrogen gas purging, 
furnace heating and air cooling.  
Morphology 
Field emission scanning electron microscopy (FE-SEM) and Scan electron 
microscopy (SEM) images were observed with a scanning electron microscope (JEOL 
JSM-6700F and JSM 5600LV) to view morphology, surface topology and 
crystallography of SAPOs. The samples were analyzed at an acceleration voltage of 10 
kV and filament current of 60 mA. A very small amount of sample was mounted on 
copper stub as a very thin layer with a double-sided carbon tape. Before FESEM and 
SEM observation, the sample was coated with platinum with a sputter coater (JEOL 
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JFC-1300 Auto fine coater) at 30 mA for 100 seconds in vacuum to be surface 
conductive to current. 
N2 adsorption/desorption  
    In N2 adsorption analysis, a sample was exposed to N2 gas of different pressures at a 
given temperature (usually at -196 ˚C, the liquid-nitrogen temperature). Analysis of the 
adsorption and desorption isotherms in combination with some physical models 
yielded information about the pore structure of the sample such as surface area, pore 
volume, pore size and surface nature. Micropore area (St-plot) and total pore volume (Vp) 
were measured by using a Micrometrics ASAP 2020 volumetric apparatus. Prior to the 
adsorption-desorption measurements, all the samples were degassed at 200 ˚C in N2 
flow for 3 h. The pore size distribution was calculated from DFT methods. The 
micropore volume and micropore surface area were calculated using a t-plot method.  
3.2.5 Catalyst preparation and catalytic reaction 
Catalyst preparation 
    The calcined SAPOs powder was pressed in a laboratory press at 5 ton pressure for 
1 min to get tablet. These SAPO tablets were crushed, sieved and the fraction between 
(20-30) mesh was used for catalytic testing. 
The Reactor 
    The experimental set-up for MTO process was shown in Figure 3.1. The actual set-
up in laboratory was shown in Figure 3.2. The reactor system was provided with a 
cylindrical stainless steel tubular reactor of 6.4 mm internal diameter and 235 mm in 
length. 200 mg of sieved SAPOs with a particle size between (20-30) mesh was loaded 
in the centre of reactor which operates in an isothermal fixed bed regime. The reactor 
was heated by a tubular furnace controlled and monitored by Eurotherm 2416 
(Carbolite), a temperature controller. Temperature can be read by means of 
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thermocouples, one which located in the middle of the catalytic bed and the other one 
at the wall of the furnace used for heating the reactor. For catalyst activation, the 
sample was heat treated under Nitrogen flow (30 ml per min) with a heating rate of 5 
˚C per min at atmospheric pressure. When the sample temperature reached to 400 ˚C, it 
was maintained at that temperature for 1 h. After one hour catalyst activation, the 
liquid feed Methanol (GC Assay 100%, Mallinckrodt) was pumped from the vessel to 
the reactor inlet line by means of a peristalsis pump (Fisher Scientific) with a constant 
flow rate of 0.04 ml per min. The liquid methanol line was heated to 150 ˚C by a 
heating tape to get enough methanol vaporization. The power source of heating tape 
was monitored by on-off controller. Before the reactor inlet, the methanol vapor was 
diluted with nitrogen stream with a flow rate of 30 ml per min which was measured 
with a mass flow meter Brooks (0154). The two gases were mixed well in a gas mixer 
and then sent to the reactor. The reaction was conducted at 400 ˚C and atmospheric 
pressure. The calculated space velocity of methanol was 9.5 h
-1
(WHSV). The reactor 
outlet line was constantly maintained at about 150 ˚C to avoid possible condensation of 
heavy hydrocarbons. A pressure gauge was installed to monitor pressure development 
in reactor system due to blockage or chocking of the reactor. 
    The products were taken from the outlet stream by means of a six-way valve and 
analyzed by Shimadzu (GC-2014) ATF on-line gas chromatogram equipped with dual 
flame ionization detector (FID) and thermal conductivity detector (TCD). A capillary 
column was used for separating C1-C6 isomers, oxygenates, aromatics and permanent 
gas. The sample injection to GC was made by automatically and the injection was 
completed within 3 min. The GC column oven was maintained at 40 ˚C for 5 min, then 
increased to 225 ˚C at a rate of 10 ˚C per min and maintained at this temperature until 
the analysis was finished. Thus, about every 50 min GC analysis was done until 
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catalyst deactivate. The product selectivity was expressed as molar percentages. 
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3.3 Results and Discussion  
3.3.1 Synthesis and Characterization 
XRD  
    The framework structure was the main fingerprint of microporous SAPOs. XRD 
was carried out to identify all four SAPOs. Figure 3.3 to Figure 3.6 showed the XRD 
patterns of the as-synthesized and calcined SAPOs. For as-synthesized SAPO-34, 
intensive diffraction peaks were found at 2θ value of 9.5 ˚, 21 ˚, for SAPO-18, 9.6 ˚, 
for SAPO-17, 7.7 ˚, 20.4 ˚ and 9.6 ˚, 16.2 ˚ and 21 ˚ for SAPO-44. It can be seen that 
all the XRD patterns matched well with those reported previously references. (Dubois 
et al., 2003; Djieugoue et al., 2000; Prakash and Kevan, 1997; Chen and Thomas, 1991) 
On the other hand, diffraction peak for the amorphous structure was not found in these 
samples, indicated that our SAPOs were highly crystallized.  
    The same situation was occurred in calcined SAPO-34 except the intensities of 
peaks were weakened. These patterns matched with the pattern described for structure 
type SAPO-34. (Dubois et al., 2003) However, as-synthesized SAPO-18 showed 
additional peaks to those of calcined form especially at 2θ value of 16 ˚. It was also in 
agreed with literatures (Djieugoue et al., 2000 and Chen et al., 1994a) that SAPO-18 
pattern would be two superimposed patterns corresponding to as-synthesized and 
calcined samples which suggests inhomogeneous silicon distribution in a single 
framework structure. In the case of SAPO-17, pure forms of samples were observed 
without the use of hydrofluoric acid. Similarly, SAPO-44 was successfully synthesized 
with higher SiO2/Al2O3 ratio in synthesis mixture of 0.5. This ratio was in 
recommended range (>0.3 and <0.6) in literature. (Ashtekar et al., 1994) 
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Figure 3.3 XRD patterns of SAPO-34 (a) as-synthesized (b) calcined 
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Figure 3.4 XRD patterns of SAPO-18 (a) as-synthesized (b) calcined 
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Figure 3.5 XRD patterns of SAPO-17 (a) as-synthesized (b) calcined 
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Figure 3.6 XRD patterns of SAPO-44 (a) as-synthesized (b) calcined 
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FESEM  
    The morphologies of the SAPOs synthesized from different structure directing 
agents are different, especially on particle size and particle morphology. It can be 
observed from Figure 3.7 (a) that the SAPO-34 samples have cube-like rhombohedra 
morphology. The mean particle size of less than 1 μm which was typical particle size 
that can be obtained from TEAOH template was achieved. It was in agreed with the 
reference (Nishiyama et al., 2009). A platelet-like structure of SAPO-18 was displayed 
in Figure 3.7 (b). The particle size of SAPO-18 was the smallest among four SAPOs of 
about less than 0.5μm. Less SEM observations on SAPO-18 was observed on previous 
issues. Wendelbo et al., (1996) reported their crystal size in the range of (0.1-2) µm by 
using with TEAOH template. In this study, our samples have not reached to 1µm size 
and this might be different template usage in synthesis however the same crystal 
morphology was achieved with Yoo K.S. et al. (2007) report.  
    The SAPO-17 which was synthesized with lowest silicon concentration in synthesis 
gel showed similar particle shape like in SAPO-18 but lager size of about (0.5-1) µm. 
Figure 3.8 (c) It was a bit different with reference (Lohse et al., 1993), their samples 
had hexagonal columns but the XRD patterns were same in both studies. SAPO-44, 
same topology with SAPO-34, also showed that a cubic morphology but it has some 
amorphous phases and this would be absence of hydrofluoric acid in synthesis. It 
displayed the largest particle size of nearly 20 μm among all four SAPOs, Figure 3.7 
(d). 
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Thermal Analysis 
    TGA was carried out in N2 on a TGA 2050 thermogravimetric Analyzer to reveal 
the decomposition temperature of SAPOs. In TGA thermograms of as synthesized 
samples (Figure 3.8), the curves showed weight loss percent as a function of 
temperature. It showed initial weight loss about (2 -5) % from (50-100) ˚C. The 
subsequent weight loss up to about 500 ˚C represented the template decomposition and 
it was nearly (16-20) %. Therefore, isothermal calcination at 550 ˚C was found to be 
sufficient for the removal of templates. There was no weight loss up to 800 ˚C and 
these high decomposition temperatures evidently indicated high thermal stabilities of 
SAPOs.  
 







































Temperature (C)  
 






































 Chapter 3. A comparative study of the catalytic performance of different SAPOs 
  
                                                                                                                                       62 
N2 Adsorption/Desorption Isotherms  
    The adsorption/desorption isotherms were obtained on increment of pressure by 
increasing amount of N2 molecules adsorbed (adsorption) and releasing the adsorbed 
amount (desorption) on sample surface. The total pore volume (Vt) was calculated from 
the amount of nitrogen adsorbed at P/P0 value of 0.9696. The micropore area and 
volume were estimated from t-plot method. Vmic was calculated in the t value of 3.52 to 
4.69(P/P0 from 0.01 to 0.65). The N2 adsorption isotherms occupied by SAPOs 
significantly expressed the nature of micropore isotherm (type I) and it can be seen 
from Figure 3.9 that the isotherms level off after the relative pressure of 0.1, indicating 
the presence of an appreciable amount of the micropore. The DFT pore size 
distributions were shown in Figure 3.10. The micropore area, total pore volume and 
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Table 3.3 Surface properties of SAPOs 
 
Catalyst    Am
1
                 Vt
2
             Vmicro
3
          Vmeso 
4
   
(cm
2
/g)         (cm
3
/g)      (cm
3







589.3          0.3269           0.2752           0.05 
439.3          0.3419           0.2048           0.14 
438.2          0.2198           0.2043           0.02 
555.2        0.2746           0.2570           0.02 
1. Am: Micropore area, 2. Vt : Total volume, 3. Vmicro :micropore volume,                 
4. Vmeso :mesopore volume  
     
    The four SAPO catalysts displayed different nitrogen adsorption isotherms. SAPO-
34 and SAPO-44 which have CHA zeolite topology showed the largest adsorption of 
nitrogen at P/P0 ~ 0. On the other hand, SAPO-18 showed the highest adsorption 
amount at P/P0 ~ 1 and this proved that nitrogen adsorption amount was enhanced by 
catalyst external structure.  
    The micropore areas of SAPO-34 and SAPO-44 were larger than that of SAPO-18.   
This might be possibly related to crystal phase difference (CHA and AEI). The pore 
volume of SAPO-34 was comparable to the free volume of crystallographic chabazite 
structure (0.32 cm
3
/g) while the volume of SAPO-44 was smaller than that of 
chabazite and it was in agreed with observed value reported by Lohse et al. (1995) 
SAPO-18 has the highest total pore volume in this study and in terms of both 
microporous and mesoporous portion. The other three SAPOs can be observed as 
mainly microporous because their mesopore volumes were relatively small (< 0.06 
cm
3
/g). SAPO-17 has comparable micropore area and volume with SAPO-18 but 
significantly less amount of mesopore. Thus, the micropore area and porous structure 
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3.3.2 Catalytic performances in MTO reaction 
    MTO reactions were carried out at 400 ˚C and methanol flow rate of 0.04 ml per 
min over four types of SAPOs. All the catalysts were freshly synthesized catalysts and 
the reactions were measured in 3 h of time on stream (TOS) at 400 ˚C. In these 
reactions, ethylene and propylene were found as main products while butene, dimethyl 
ether, ethanol and methane were also accompanied as by products. The SAPOs with 
white color turned brown during reaction and finally to black color when they 
deactivated. All SAPOs performed catalytic conversion to light olefins but they 
showed different properties in product selectivity and lifetime.  
    Figure 3.11 showed feed methanol conversion and DME formation over each SAPO 
with time on stream. It was well known that methanol dehydration formed to DME 
first and then convert to light olefins. Thus, product olefins were formed together with 
residual DME which cannot convert to products. When the reactions were launched, 
SAPO-34 showed 100% methanol conversion together with less value of DME about 
0.7% and methane 0.36%. It was the lowest methane concentration in products by 
SAPO-34 compared to previous studies (Liang et al., 1990) although fast deactivation 
occurred. However, after 50 min TOS, the conversion started to drop together with 
increasing DME formation of 30% and up to maximum of 65.6 %. This region might 
be assumed as catalyst has been starting to deactivate (partial deactivation). When the 
TOS was over 240 min, the DME formation started to decrease and total catalytic 
activity has been losing. In the case of SAPO-18, which has 99% initial methanol 
conversion occupied the longest activity among all SAPOs with the lowest DME 
formation. The full deactivation was not found even the TOS was over 300 min 
because DME formation have not dropped yet. On the other hand, SAPO-17 was found 
as initial methanol conversion of 88% together with 11.3% DME. After TOS was over 
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150 min, its full deactivation started. It has the highest initial methane formation of 
0.6% among four SAPOs even while SAPO-44 was only 0.3%.  SAPO-44 has the 
shortest catalytic life in this study with initial methanol conversion of 55% together 
with highest DME formation of 46%. The activity dropped dramatically as soon as the 
reaction has started. In previous literature, it was reported that 100% methanol 
conversion was occurred over SAPO-44 but it was different in this research. Prakash et 
al. (1994) reported that there was no trace of DME in MTO reaction over SAPO-
44(methanol pulse 0.2 μl) but Chen and Thomas, (1991) described that only DME 
formation was observed at 450 ˚C after one hour reaction time with WHSV of 2.5 h-1. 
Possibly, this may be different reaction conditions such as WHSV, methanol partial 
pressure.   
    It was observed that the catalytic activity in MTO reaction decreased in the order 
SAPO-18> SAPO-34> SAPO-17> SAPO-44. This present work agreed with Dubois et 
al. (2003) which reported that deactivation was appeared with DME formation. Since 
DME was produced at lower temperature of about 250 ˚C, this occurred at weak acid 
sites of SAPOs and then it might obstruct the strong acid sites at high temperatures. 
(Travalloni et al., 2008) Therefore, DME formation over SAPOs gradually increased 
with time on stream by showing the catalysts deactivation had started. At the initial 
stage of reactions, it was found that the highest product formation was accompanied 
with less amount of DME formation. That means the catalyst has highest activity to 
undergo Methanol to DME reaction and DME to olefins reaction also. After a period 
of time, catalyst partial deactivation occurred by showing high amount of DME 
accumulation in product streams. Thus, the catalysts work for only DME reaction and 
descending order of olefins proved that the catalysts has deactivated. Finally, DME 
formation was also dropped while the catalysts were totally deactivated. SAPO-18 and 
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SAPO-34 with same Si/Al ratio of (0.15) in synthesis performed different activity in 
reactions. The amount of acid sites of SAPO-34 is higher than that of SAPO-18 
(Aguayo et al., 1999), it can be observed that high amount of coke was deposited on 
strong acid sites of SAPO-34. Thus, the strong acid sites that DME to olefins reaction 
occurred were blocked and the catalyst deactivated quickly. Moreover, the four SAPOs 
which are small pore and cage type molecular sieves produced different activity 
because of its shape selective effects caused by cage/ window dimension and pore 
geometry. It was obvious that SAPO-18 has the highest pore volume with significant 
mesoporous portion while the other three are mainly microporous. It can be expected 
that the meso-structure formation was formed by different transition metal substitution 
in SAPOs. It was well known that catalyst deactivation in SAPOs can occur due to 
coke deposition in pores. The meso-structure in SAPO-18 may allow some molecular 
diffusion in and out of the pores and the micropore blockage may be relatively slow. 
Due to the largest amount of pore volume as well as mesopore volume and smallest 
particle size of SAPO-18, it may create the optimum catalytic activity in MTO reaction 
than others. SAPO-17 which has the smallest silicon concentration (Si/Al=0.05) and 
pore volume deactivated faster than that of SAPO-18 and SAPO-34. The less silicon 
amount of SAPO-17 lowered acid strength which decreased the yield of DME, only 
47% at 4 h TOS compared to that of SAPO-34 which has 62%. Although SAPO-17 
has less acid strength, its structure was one-dimensional pore structure (Inui et al., 
1991) and preferred aromatic formation especially methane and these might decrease 
catalytic activity. SAPO-44 which has a similar three-dimensional pore structure to 
SAPO-34 performed the worst in catalytic properties. The factors: high amount of 
silicon (Si/Al=0.5), different template precursors and large crystal size may lead 
SAPO-44 to be inferior to others. 
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    It was observed that olefins selectivity and catalytic activity were in parallel 
condition. As long as catalyst activity was maintained, product formation would be 
occurred. Figure 3.12 showed the product distribution on each SAPO in terms of 
ethylene, propylene and light olefins as a function of time on stream. SAPO-34 




) of 84% and the 
others were SAPO-18 of 76%, SAPO-17 of 47% and SAPO-44 of 7% respectively. It 
was generally accepted that ethylene was the first carbon obtained from MTH reaction 
and then this convert to propylene and butylenes. (Blaszkowski and Santen, 1997; 
Tajima et al., 1998) Many studies have demonstrated that ethylene is the main catalytic 
product of SAPO-34 in MTO reaction (Izadbakhsh et al. (2009); Kang (2000); Dubois 
et al., (2003)) and on the other hand propylene is main product in product streams 
Hereijgers et al., (2009). This C2/C3 value in product stream depends on operating 
temperature. It was found that C2/C3 value was not exceeded over 0.8 in SAPO-34 and 
0.5 in SAPO-18 on this current research. The initial selectivity was the largest in all 
reactions thereafter both ethylene and propylene selectivity decreased. In particular, 
the highest ethylene selectivity was achieved on SAPO-34 while propylene on SAPO-
18. Although SAPO-34 showed the highest initial olefins selectivity, its selectivity 
significantly decreased in terms of TOS. When the reaction time was 150 min, its 
olefins selectivity was same with SAPO-17. The initial olefins selectivity of SAPO-18 
was lower than that of SAPO-34 but in the long run SAPO-18 was found as the best 
catalyst whose selectivity was double than SAPO-34 when TOS was over 60 min. 
SAPO-17 has the initial olefins selectivity of 47% but in the long run it cannot 
compete to SAPO-18. In this study, SAPO-44 was not attractive catalyst in terms of 
both activity and selectivity in MTO reaction. 
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Figure 3.11 (a) Methanol conversion (b) DME formation over four types of SAPOs in 
MTO reactions 
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3.4 Summary 
    In this chapter, four types of SAPOs (17, 18, 34 and 44) with different 
physiochemical properties have been synthesized, characterized and comparatively 
examined in MTO reaction. The enhancement of pore volume and particle sizes of 
SAPOs in catalytic performances has been established. Furthermore, SAPOs (SAPO-
18 and SAPO-17) containing less Si have a prominent effect in retarding DME 
formation that decays catalytic activity. On the other hand, their specific framework 
structures are also important factor in comparison.  
    It was sure that SAPO-18 and SAPO-34 were the most promising catalysts in MTO 
reactions in terms of selectivity and activity. Their pore sizes, cage structure and 
morphology were useful in shape selective reaction like synthesis of olefins from 
methanol. Properties of SAPO-34 can enhance only short term reaction time in MTO 
reaction since it deactivated rapidly. Obviously, SAPO-18 maintained methanol 
conversion up to 70% when reaction time was 300 min. Although, SAPO-34 had been 
previously observed as the most promising catalyst in MTO reaction (Wilson and 
Barger, 1999 and Wu and Anthony, 2001), the observed data in this high space 
velocity, fixed bed reactor MTO reaction proved that SAPO-18 was also a promising 
one in industrial application. Moreover, propylene was observed as main product 
(Gayubo et al., 2005) and the highest selectivity of 50% was obtained on SAPO-18 
catalyst and this is one of the feasible ways to provide world propylene demand. Thus, 
these factors lead SAPO-18 as a comparable catalyst to SAPO-34 in MTO reactions. 







SYNTHESIS, CHARACTERIZATION AND CATALYTIC 
PERFORMANCE OF SAPO-18 AND SAPO-34  
 
4.1 Preface 
    Microporous SAPO-18 and SAPO-34 with different silicon contents were 
synthesized and characterized using the techniques of XRD, FE-SEM, EDX, physical 
adsorption of N2, chemisorptions of NH3 and solid state NMR. The surface acidity, Si 
incorporation mechanism, crystallinity, morphology and porous structure of the 
catalysts were investigated and compared. The catalytic performance was examined on 
a laboratory-scale, fixed-bed reactor operated at 400 ˚C and atmospheric pressure. It 
was observed that the catalytic performances were highly affected by simply varying 
the Si/Al molar ratio in synthesis gel. Especially, it was related to the acid strengths of 
catalysts that control catalytic activity. Critical controls to improving catalytic stability 















4.2.1 Chemicals and Synthesis 
     The chemicals used and the synthesis procedure were the same as described in 
Chapter 3. The synthesis receipts for SAPO-18 and SAPO-34 of different Si/Al molar 
ratios are summarized in Table 4.1 and 4.2, respectively. 
 
Table 4.1 Molar composition of the synthesis gels and crystallization conditions for the 
preparation of SAPO-18 with different Si/Al ratios 
Sample Gel  Comp:    Temp Time Si/Al 
 Al2O3 P2O5 SiO2 *R H2O (˚C) (day) Ratio 
SAPO-18 1 0.92 0.2 1.6 50 175 7 0.1 
SAPO-18 1 0.92 0.3 1.6 50 175 7 0.15 
SAPO-18 1 0.92 0.6 1.6 50 175 7 0.3 
SAPO-18 1 0.92 1 1.6 50 175 7 0.5 
*R stands for template- N, N diisopropylethylamine C8H19N 
 
Table 4.2 Molar composition of the synthesis gels and crystallization conditions for the 
preparation of SAPO-34 with different Si/Al ratios 
Sample Gel  Comp:    Temp Time Si/Al 
 Al2O3 P2O5 SiO2 #R H2O (˚C) (day) Ratio 
SAPO-34 1 1.3 0.2 2 50 200 1 0.1 
SAPO-34 1 1.3 0.3 2 50 200 1 0.15 
SAPO-34 1 1.3 0.6 2 50 200 1 0.3 
SAPO-34 1 1.3 1.0 2 50 200 1 0.5 
#R stands for template- tetra ethyl ammonium hydroxide solution, (C2H5)4N (OH) 
 
 
4.2.2 Characterization and Performance   
    XRD measurements were performed on a XRD -6000 Shimadzu at 40 kV and 30 
mA with Cu Kα radiation. The samples were analyzed at a scanning rate of 3 degree 
per min over the range between (5-50) ˚.  Field emission scanning electron microscopy 
(FE-SEM) images were observed with a scanning electron microscope (JEOL JSM-
6700F and JSM 5600LV). Energy dispersive X-ray (EDX) emission analyses were 






also taken. Nitrogen adsorption/desorption isotherms were measured on a 
Micromeritics ASAP 2020 system by N2 adsorption at -196 ˚C.  
    Temperature programmed desorption (TPD) of NH3 was measured on a ChemBET-
3000 TPR/TPD analyzer (Quantachrome). 50 mg of sample was pretreated at 550 ˚C 
for 1h in helium flow (90mL min
-1
) to remove moisture and adsorbed gases. It was 
subsequently cooled to the adsorption temperature of 100 ˚C, at which the sample was 
saturated with ammonia gas at a rate of 90 ml min
-1
 for 15 min. After saturation with 
ammonia, the sample was purged with helium for 45 min to remove physically 
adsorbed ammonia on the surface of the catalyst. Finally, temperature was increased 
linearly at a heating rate of 20 ˚C per min from 100 to 650 ˚C under helium flow. The 
desorbed ammonia from the catalyst was measured by a thermal conductivity detector 
(TCD) and recorded as a function of temperature. The equipment set-up for ammonia 
TPD in laboratory is shown in Figure 4.1. 
                                    
Figure 4.1 ChemBET Pulsar TPR/TPD in laboratory 






    Magic-angle-spinning (MAS) NMR spectra were acquired on a Bruker DRX-400 
MHz spectrometer with HR MAS probe head of 4 mm. The detailed analysis 
conditions are summarized in Table 4.3. 
 
 










(MHz) 79.5 161.9 104.3 
Spinning Rate(kHz) 10 10 10 
Recycle Delay(s) 10 5 5 
Reference TMS NH4H2PO4 Al (NO3)3  




4.2.3 Catalytic reaction 
    The catalytic performances of SAPO-18 and SAPO-34 with different Si/Al ratios 
were tested in methanol conversion reaction. The reactor system was the same 
described in Chapter 3. The following operating conditions were used: 
 Temperature: 400 ˚C for both activation of catalyst and reaction 
 Pressure: atmospheric condition 
 Amount of catalyst: 0.2 g  
 Catalyst activation: 1 h under nitrogen flow at 30 mL/min 
 Flow rate of methanol: 0.1mL/min 
 WHSV of methanol: 23.5 h-1 











4.3 Results and Discussion 
4.3.1 Synthesis and Characterization of SAPO-18 and SAPO-34 
    The elemental compositions of calcined SAPO-18 and SAPO-34 with different Si 
content by EDX are presented in Tables 4.4 and 4.5 with respect to aluminum (Al), 
silicon (Si) and phosphorous (P) atomic percent (%). The distribution of Si content 
over the samples was observed in both samples. The Al:Si:P atomic content from EDX 
analysis was comparable with that in the synthesis gels. The Si content in the final 
products gradually increased when the Si concentration in the synthesis gel was 
increased, meaning more amount of Si content was incorporated to AlPO4 molecular 
sieve but it might remain as amorphous silica when the Si content was very high. 
 
Table 4.4 Elemental composition (atomic %) of SAPO-18 samples with different Si 
content 
product Content (atomic %) Si/(Si+Al+P) 
SAPO-18 Al2O3 P2O5 SiO2 in product 
Si/Al=0.1 39.12 54.82 6.07 0.06 
Si/Al=0.15 38.17 53.55 8.28 0.08 
Si/Al=0.3 35.96 51.09 12.95 0.13 
Si/Al=0.5 32.34 49.82 14.84 0.15 
 
 
Table 4.5 Elemental composition (atomic %) of SAPO-34 samples with different Si 
content 
product Content (atomic %) Si/(Si+Al+P) 
SAPO-34 Al2O3 P2O5 SiO2 in product 
Si/Al=0.10 39.1 53.5 7.4  0.07  
Si/Al=0.15 38.2 52.6 9.2 0.09 
Si/Al=0.30 39.0 50.4 10.6 0.10 
Si/Al=0.50 38.0 50.1 11.8 0.12 
     
    The XRD patterns of the SAPOs samples are displayed in Figures 4.2 and 4.3. For 
the as-synthesized samples, all SAPO-18 samples except for the one synthesized with 
Si/Al = 0.3, are pure SAPO-18 phase. (Marcus et al., 2002) For the sample synthesized 






with Si/Al ratio of 0.3, there are two more extra peaks as indicated by asterisk, 
implying the presence of impurities. But after calcination, the impurity phases were 
removed indicating metastable phases. In a previous study (Marcus et al., 2002), the 
maximum ratio of Si/Al was reported to be 0.4. In this study, the SAPO-18 sample 
with a higher silicon content (Si/Al = 0.5) was successfully synthesized without 
impurity. The intensities of XRD reflections became higher when the samples 
contained higher amount of silicon in as-synthesized forms but in calcined samples the 
peaks were comparable, agreeable with Marcus et al., (2002). However the peak 
intensities for SAPO-34 have a reverse order. The lower silicon amount in SAPO-34 
sample favored the higher intensity of reflections together with sharp peak in both as 
synthesized and calcined samples. There were some overlapped peaks in high silicon 
concentration samples and it might be high silicon substitution in SAPO-34 framework. 
Both calcined SAPO-18(Djieugoue et al., 2000) and SAPO-34 samples are free of 





















































Figure 4.2 X-ray diffraction patterns of SAPO-18 with different Si content                  
(a) as-synthesized (b) calcined forms 












































Figure 4.3 X-ray diffraction patterns of SAPO-34 with different Si content                  
(a) as-synthesized (b) calcined forms 
 
 






Morphology: It was observed that the particle size and morphology were different 
based on silicon concentration. The morphologies of SAPO-18 which less Si/Al value 
(0.1 and 0.15) were found that the platelet-like structure with a particle size of < 0.5 
μm, Figure 4.4 (a-d). However, its structure was significantly changed to cubic 
structure like SAPO-34 when it contained high amount of silicon, Si/Al value (0.3 and 
0.5), Figure 4.5 (a-d). The particle sizes of SAPO-18 determined by FE SEM were not 
larger than 1μm. 
 
 
                                
 













Figure 4.5 FE SEM images of SAPO-18 (a,b) Si/Al=0.3 (c,d) Si/Al=0.5 
 
    FE-SEM images in Figure 4.6 (a-d) showed SAPO-34 with Si/Al value of (0.1-
0.15).The crystal sizes of both samples are similar but not greater than 1.5 μm and it 
indicated the clear cubic structure of SAPO-34. However, when the silicon amount 
was increased, the morphology became complex because of high silicon incorporation 
in SAPO-34 framework, Figure 4.7 (a-d). This was already proved by XRD patterns; 
the higher the silicon concentration the broad and weak XRD diffraction peaks were 


































Figure 4.7 FE SEM images of SAPO-34 (a,b) Si/Al=0.3 (c,d) Si/Al=0.5 
 
 
Textural Properties of SAPO-18 and SAPO-34: Increasing Si/Al ratio from 0.1 to 0.5 
in SAPO-18 samples significantly showed the difference in total pore volume. The 
higher pore volume was observed in Si/Al value of 0.1 and 0.15 but the micropore 
region in Si/Al = 0.1 sample was much larger than that of Si/Al=0.15 while their 
mesopore volumes were comparable. It was also in agreed with isotherms which 
displayed the highest amount of nitrogen adsorption/desorption in less silicon 
containing samples, Figure 4.8. Regarding micropore area, the largest area was found 
in Si/Al = 0.3 and it was not straight to identify by silicon concentration in samples. 
The pore size distribution by DFT method showed the pore width of about 7.3 ˚A in all 



































































Figure 4.9 DFT pore size distribution pattern on SAPO-18s 
 






Table 4.6 Textural properties of SAPO-18s with different Si concentration 
Sample Micropore Area Total Pore vol Micropore vol Mesopore vol 
SAPO-18 m
2
/g cc/g cc/g cc/g 
Si/Al=0.1 493.5 0.3532 0.2302 0.12 
Si/Al=0.15 439.3 0.3410 0.2048 0.13 
Si/Al=0.3 541.7 0.2935 0.2528 0.04 
Si/Al=0.5 496.7 0.2887 0.2306 0.06 
    
                 
    On the other hand, the textural properties of SAPO-34 samples with different silicon 
concentrations exhibited separately when it was compared to SAPO-18. The highest 
pore volume of 0.55 cc/g was observed in Si/Al = 0.5 sample together with large 
mesopore volume while the micropore volume were not much different when 
increasing silicon content. The micropore area of Si/Al = 0.3 was unexpectedly the 
smallest among all samples. In the case of less silicon samples (Si/Al = 0.1 and 0.15), 
they have occupied considerable less amount of pore volume and pore area even their 
crystallinity and morphology were superior than those of high silicon samples. Figure 
4.10 and 4.11 showed different isotherms and PSD pore size distribution graphs for 
each SAPO-34. The surface properties of SAPO-34s were summarized in Table 4.7. 
PSD pore size distribution supported the pore width of 7.3 ˚A for less Si samples and 
8.0 ˚A for high Si samples. 
 































































Figure 4.11 DFT pore size distribution pattern on SAPO-34s 






Table 4.7 Textural properties of SAPO-34s with different Si concentration 
Sample Micropore Area Total Pore vol Micropore vol Mesopore vol 
SAPO-34 m
2
/g cc/g cc/g cc/g 
Si/Al=0.1 585.2 0.341 0.273 0.07 
Si/Al=0.15 589.3 0.327 0.275 0.05 
Si/Al=0.3 495.8 0.411         0.230 0.18 
Si/Al=0.5 680.6 0.553 0.317 0.23 
  
 
Acidity (TPD): To characterize the acidity of different silicon containing SAPO-18s 
and SAPO-34s, ammonia TPD was conducted since ammonia gas was mostly 
applicable to small pore molecular sieves and it reacts different acid strengths of 
catalyst. There were two TPD peaks (Figure 4.12) for each SAPO-18 sample: the low 
temperature peak at (260-275) ˚C and the high peak at (436-465) ˚C. On the other hand, 
the low temperature ammonia peak at (240-310) ˚C and high peak at (440-490) ˚C 
were observed in SAPO-34s (Figure 4.13). These two peaks exhibited the formation of 
two different acid strengths; the first peak was represented to weak acid strength and 
the second to strong acid strength. The weak acidity was attributed to the formation of 
hydroxyl groups for example Si, Al, P-OH while the strong acidity to the bridging 
hydroxyl groups (-SiOHAl-). It was relevant with the previous report for acidic nature 
of SAPOs. (Parlitz et al., 1995) 
    The acidity of SAPO-18 samples were increased through the samples of Si/Al = 0.1 
to 0.5. Although the acid strength in samples of Si/Al = 0.1 to 0.15 were comparable, it 
was very significant when the Si/Al value was increased to 0.3 and 0.5. The obvious 
change can be seen in low temperature peak region which was significantly larger in 
the highest Si/Al value of 0.5. In addition, the quantitative estimation of total acidity 
by the total area of ammonia desorption graph agreed that the total acidity of SAPO-18 
was increased by increasing Si content. The comparison of Si content suggested that 






the increase in Si content influenced both weak and strong acid sites especially 
Si/Al>0.15. This observation proved that Si atoms incorporated into AlPO4 framework 
not only substitution for P atoms but also for Al atoms.      

















                                                                                                                                                                                                                                                       















Si/Al=0.1 0.6 275 436 
Si/Al=0.15 0.8 270 420 
Si/Al=0.3 0.9 266 440 
Si/Al=0.5 1.0 260 465 
 
    Although Si content played as an important variable in formation of acid strengths, 
in the case of SAPO-34, not obvious changes were observed in high temperature peak 
intensity when Si/Al content was increased from 0.1 to 0.5. Only the first desorption 






peaks were different for different Si content samples. The total acidity resulted from 
the area under the ammonia desorption curve showed the higher trend with increasing 


































Si/Al=0.1 1.29 246 440 
Si/Al=0.15 1.25 277 475 
Si/Al=0.3 1.32 275 473 
Si/Al=0.5 1.40 310 490 
 
MAS NMR Spectroscopy: In  SAPO materials, it was generally accepted that Brönsted 
acidity was introduced by Si incorporation via SM2 mechanism (Si→P) while SM3 
mechanism (2Si→Al+P) generated Si islands together with Si(Al)n(Si)4-n environments 
where n value from 0 to 4. (Tan et al., 2002; Barthomeuf, 1994) They reported that the 






strength of acid sites were in the order of Si (1Al, 3Si)> Si (2Al, 2Si)> Si (3Al, 1Si)> 
Si (4Al) although large number of acid sites were formed by SM2. In this study, 
29
Si 
MAS NMR method was the only technique that determines Si incorporation 
mechanism in SAPOs. The NMR spectra of calcined SAPO-18s with different Si 
content were shown in Figure 4.14. The presence of more than one peak in SAPO-18 
pattern confirmed that silicon substitutes not only phosphorous but also aluminum and 
well agreed with previous report (Wendelbo et al., 1996). The chemical shift of about -
91 ppm represented the isolated Si atom with Si(4Al) coordination state and the other 
shifts of  -94, -99,-105 and -110 ppm would be assigned as the formation of Si islands 
respectively. For SAPO-18 with low Si content (Si/Al = 0.1 and 0.15), there were two 
distinct peaks while the others peaks also appeared with very low intensity. When the 
Si/Al value was increased to 0.3 and 0.5, the Si spectra evidently showed the formation 
of Si rich regions by forming high intensity peaks at Si (1Al), Si (2Al) coordination 
states without obvious change in Si (4Al) and (3Al) states. The Si substitution nature 
in SAPO-18 upon increasing Si content was well agreed with the results of Chen et al. 
(1994a). It was noted that higher Si incorporation in SAPO-18 favored the formation 
of Si rich regions which may produce stronger acidity but no remarkable Brönsted 
acidity change was observed. The parallel decrease of Al and P atom % when Si% was 
increased in our EDX analysis, also confirmed the Si substitution in SAPO-18 by SM2 





NMR spectra of SAPO-18 materials were also displayed in Figure 4.15 and 4.16 and 
they agreed with previous literatures. (Chen et al., 1994a) 

















Si MAS NMR spectra of SAPO-18s 
 











P MAS NMR spectra of SAPO-18s 

















Al MAS NMR spectra of SAPO-18s 
   





Al MAS NMR spectra like SAPO-18, Figure 4.18 and 4.19. 
29
Si 
MAS NMR spectra in Figure 4.17 showed that the SAPO-34 with Si/Al value of 0.1-
0.3 exhibited only one high intensity peak at about -91 ppm which represents the 
isolated Si atom formed by SM2 mechanism and was relevant with previous reports 
(Chen et al., 1994a; Wu et al., 2004;  Wei et al., 2007). The isolated Si islands 
formation via SM2 mechanism was the main enhancement in SAPO-34. The increase 
in the content of Si showed that SM3 mechanism took place together with SM2 which 
can be clearly seen on SAPO-34(Si/Al=0.5) sample and well agreed with Xu et al. 
(2008). Thus, Brönsted acidity in SAPO-34 was obviously higher than that of SAPO-
18. The additional peaks at about -109 and -115 ppm were observed when SAPO-34 
has Si/Al value of 0.5. This proved that Si atom distributed in SAPO-34 was mainly 
occurred by homogeneous SM2 mechanism while uneven Si distribution was occurred 






in high Si content SAPO-34. Our EDX composition data also confirmed that 
increasing Si content in SAPO-34 showed significant decrease in P% because of SM2 
substitution while Al% did not have much change. The total acidities by TPD of 
SAPO-34s were comparable when Si/Al value were 0.1 to 0.3 but the high total acidity 
was achieved in Si/Al value of 0.5 because of silicon rich islands formation. Therefore, 
more Si incorporation resulted the generation of more surface acidity. 











Si MAS NMR spectra of SAPO-34s 
















P MAS NMR spectra of SAPO-34s 





















4.3.2 Catalytic performances in MTO reactions 
    MTO reactions were carried out over SAPO-18 and SAPO-34 catalysts with 
different Si content at 400 ˚C and tested for 4 h. In this report, the reactions were 
conducted at high WHSV value of 23.5 h
-1
 and studied olefins selectivity especially in 
terms of ethylene and propylene and catalytic activity. Figure 4.20 and 4.21 showed 
methanol feed conversion and DME formation over SAPO-18s in MTO reactions. 
    The DME formation in MTO reaction was also a critical condition to determine the 
catalytic activity and selectivity. The smallest amount of DME can be seen on initial 
reaction and after that it increased to a higher value with time on stream and at the 
same time product olefin selectivity started to decrease. At this stage, the activity of 
catalyst has affected olefins selectivity but the catalyst has still been working for 
dehydration of methanol to DME. When this stage was over, the activity of catalyst 
was totally lost and higher amount of methanol was seen on product streams. Thus, 
DME% was one of the factors to determine catalytic activity.  
    The high methanol decomposition temperature was observed in all reactions and the 
temperature increase was linear with Si/Al value. The highest temperature of about   
412 ˚C was found in MTO reaction over Si/Al = 0.5 sample. In addition, highest 
methanol feed conversion of 99.5% was observed together with the highest methane 
formation of 0.57%. The DME formation on this largest Si containing sample showed 
the rapid deactivation of highly-acidified catalyst. The fully deactivation was started 
after TOS was over 100 min that can be confirmed by continuous drop of DME to 




) selectivity of (76.5%) was achieved together with 
highest feed conversion while the other three samples showed similar selectivity, 
Figure 4.22 and 4.23. This indicated that Si/Al=0.5 sample underwent high exothermic 
reaction that was related by the high acid strength of this catalyst.  It was also 






confirmed by its rapid deactivation (conversion dropped to 48% at TOS was over 50 
min) as coke formation over catalyst surface was proportional to its acid strength. 
(Aguayo et al., 2005) This high acidity also favored the formation of ethylene (29%) 
initially but after 50 min TOS it dropped dramatically. The product C2/C3 ratios in all 
SAPO-18 reactions were not larger than 0.6 and so it was evident that no significant 
variations for C2/C3 value to different Si/Al ratios of 0.1, 0.15, 0.3 and 0.5.  
    Therefore, SAPO-18(Si/Al = 0.5) has the best initial properties in terms of olefins 
selectivity and feed methanol conversion. Apart from initial properties, the other three 
SAPO-18s have higher selectivity and activity than Si/Al = 0.5 sample. For the first 
100 min of reaction TOS, the selectivity and activity of SAPO-18 (Si/Al = 0.15 and 
0.3) samples were similar however Si/Al = 0.1 catalyst has superior properties than 
others. From 100 min to 200 min TOS, Si/Al = 0.3 catalyst dropped its activity 
significantly than Si/Al = 0.15. When the data were observed on longer reaction time 
of over 200 min, Si/Al = 0.1 catalyst exhibited excellent olefins selectivity (20%) and 
catalytic activity among all SAPO-18s. Especially, its olefins selectivity was 2.5, 6 and 
14 times higher than that of Si/Al = 0.15, 0.3 and 0.5 catalysts and superior activity 
with methanol conversion (64%) was observed even the TOS was at 210 min. Thus, 
SAPO-18 with increasing Si content have affected MTO reaction not only catalytic 
activity but also product selectivity. No noticeable trace of aromatic formation was 
detected in MTO reactions over SAPO-18. 
    According to previous literatures, our results were a bit different with (Chen et al., 
1994a) as they reported that SAPO-18 with Si/Al value of 0.3 performed the best in 
MTO reaction by comparing Si/Al value from 0.1 to 0.3. On the other hand, Marcus et 
al., (2002), study explained that SAPO-18 with less Si/Al value has better activity than 
larger one. In our study, SAPO-18s with a wide range of the Si/Al value from 0.1 to 






0.5 were investigated in MTO reaction and SAPO-18 with the less Si/Al = 0.1 




































Figure 4.20 Methanol conversion Vs TOS over SAPO-18 with different Si/Al values   
(pressure = 1 atm, Temperature = 400 ˚C, WHSV = 23.5 hr-1) 
 
 



























Figure 4.21 DME formations versus time on stream over SAPO-18s with different        





































































Figure 4.23 Propylene selectivity Vs TOS over SAPO-18s with different Si/Al values 
in MTO reaction 
 
     It was revealed that SAPO-18 and SAPO-34 catalysts have a high activity and 
olefins selectivity than other SAPOs (Chapter 3) and SAPO-34 was a little superior in 
initial conversion and also olefins selectivity than SAPO-18. In this case, MTO 
reactions were carried out over SAPO-34 with various Si/Al values (0.1, 0.15, 0.3 and 
0.5) at same operating conditions in SAPO-18. As SAPO-34 has rapid deactivation 
property, the product distribution was not too distinct in each catalyst. Figure 4.24 
showed methanol conversion over SAPO-34s and DME formation was plotted in 
Figure 4.25. It has already proved that the decrease in olefins selectivity was 
accompanied with increase in the formation of DME. Because of high WHSV value, 
the reactions were analyzed up to 160 min. 
    The maximum conversion of 99% was achieved in Si/Al = 0.1 catalyst together with 
the largest volume of olefins (C2-C3) 75%. The detail olefins product distribution in 






accordance with TOS was displayed in Figure 4.26 and 4.27. It was completely reverse 
order with SAPO-18 where the highest initial conversion and olefins selectivity was 
occurred in Si/Al = 0.5. However, SAPO-34(Si/Al = 0.5) catalyst has the highest 
methane content (0.6%) and methanol decomposition temperature    (418 ˚C) like in 
SAPO-18(Si/Al = 0.5). The high acidity of SAPO-34 could not stand high space 
velocity and after 50 min TOS, the four catalysts lost their catalytic activity and 
product selectivity. The rapid up and down DME formation of SAPO-34(Si/Al = 0.3) 
catalyst in Figure 4.25 might be the earlier partial deactivation process in SAPOs. In 
addition, the higher strong acid strength in Si/Al = 0.1 and 0.15 catalysts verified the 
trend to fast deactivation process. Although the total acidity has higher trend by 
increasing Si content in SAPO-34 catalysts, Si/Al = 0.3 and 0.5 catalysts which have 
less area of strong acidity can work a little better than less Si containing samples in the 
long run. The product C2/C3 ratios in SAPO-34 catalysts were about 0.75 in all cases 
and it was not largely affected by varying silicon content but ethylene selectivity in 
SAPO-34 catalysts were larger (about 2%) than SAPO-18s. The considerable changes 
in acidity of SAPO-34 catalysts were not observed by different Si/Al ratios in 
synthesis of catalysts. Because of high acidity SAPO-34s and high methanol flow in 
reaction condition, the results in MTO reactions over SAPO-34 catalysts may lead to 
indifferent conditions but the specific value of product distributions were displayed in 
Table 4.10 and 4.11. The clear morphology and high intensity of XRD peaks in SAPO-
34(Si/Al = 0.1) catalyst might favor to get better selectivity and conversion in earlier 
stages than others. Moreover, recent publication (Kang et al., 2000) observed that 
SAPO-34 with less silicon amount (Si/Al = 0.13) showed the longest lifetime in MTO 
reaction with space velocity of 1 h
-1
. It was interesting that higher mesopore volume in 






SAPO-34 structure was not applicable in catalytic properties while SAPO-18 with 






























Figure 4.24 Methanol conversion Vs time on stream over SAPO-34s with different 




















Figure 4.25 DME formations Vs time on stream over SAPO-34s 




































Figure 4.26 Ethylene selectivity Vs time on stream over SAPO-34s with different 

































Figure 4.27 Propylene selectivity Vs time on stream over SAPO-34 with different 
Si/Al values in MTO reaction 
 
 








    SAPO-18s and SAPO-34s with a wide range of Si/Al value were synthesized in 
pure forms and tested in MTO reactions at high space velocity condition. Especially, 
SAPO-18 with very high silicon amount of Si/Al = 0.5 catalyst was successfully 
synthesized while the highest published values was Si/Al = 0.4.  
    Upon varying of Si/Al ratios in synthesis gel, morphology of SAPO-18 was changed 
from platelet structure with small particle sizes to cubic structure while SAPO-34 
morphology was complicated upon higher Si substitution. 
    Highest pore volume was observed in SAPO-18(Si/Al = 0.1) together with micro 
and meso-range. In SAPO-34, Si/Al = 0.5 catalyst achieved highest pore volume 
particularly in meso-range while micro range was similar with others.  
    The correlations in Si variation over SAPO-18 and SAPO-34 catalysts with their 
acidity and framework coordination were investigated by NH3 TPD and Solid state 
NMR. It was confirmed that Si incorporation and surface acidity were evidently 
affected by varying silicon content. Si (Al) n (Si) 4-n coordination states were observed 
in SAPO-18, on the other hand Si (4Al) was found as the main coordination state in 
SAPO-34. When the Si content was increased in synthesis gel, the silicon rich regions 
(islands) were resulted which give higher acidity in both catalysts. Unfortunately, no 
new Brönsted acidity which was useful to olefins transformation can be introduced by 
increasing Si content and the observed higher acidity favored only coke formation. 
Both catalysts with highest Si content lost their activity very fast than others. Thus, it 
can be noted that such Si islands formation should be avoided to get better catalytic 
activity. 
    All the characteristics like crystallinity, morphology and acidity were fundamental 
factors in controlling catalytic properties of SAPO-18 and SAPO-34. It has been 






proven that controlling Si content has significantly enhanced catalytic activity and 
selectivity especially in SAPO-18. The medium acid strength was attained in SAPO-18 
(Si/Al = 0.1) catalyst and this was evident that it can catalyze MTO reaction more 
efficiently for improving catalyst lifetime and product selectivity. In both SAPO-18 
and SAPO-34, propylene selectivity was always higher than that of ethylene but 
ethylene selectivity in SAPO-34 was higher than that of SAPO-18. The detail product 
distributions and reaction conditions over SAPO-18 and SAPO-34 with different Si/Al 
ratios were summarized in Table 4.10 and 4.11.                                                  

































Table 4.10 Product distributions and reaction conditions over SAPO-18s with different 







conv Product distribution (%) 
 Set 
by 
Rxn min (%) ethylene propylene DME  
Si/Al=0.1 400 408 5 98.5 27.4 47.8 0.9   
  400 408 55 95.2 22.0 38.8 14.8   
  400 406 105 75.5 15.0 27.0 20.0   
  400 406 155 78.6 11.5 21.2 35.3   
  400 404 205 64.0 7.6 13.6 36.3   
           
Si/Al=0.15 400 408 5 97.4 24.8 47.1 4.0   
  400 406 55 60.4 7.5 14.4 29.0   
  400 404 105 58.0 5.0 9.8 38.5   
  400 404 155 58.0 3.9 7.8 42.5   
  400 403 205 53.4 2.9 5.7 42.0   
           
Si/Al=0.3 400 410 5 98.4 25.6 43.9 1.6   
  400 406 55 66.5 5.6 11.6 37.0   
  400 403 105 50.0 1.7 3.9 39.0   
  400 403 155 45.0 1.0 2.4 38.0   
  400 403 205 48.0 1.2 2.0 42.0   
           
Si/Al=0.5 400 412 5 99.5 29.0 47.5 0.5   
  400 404 55 48.0 2.3 4.9 36.0   
  400 403 105 40.0 0.9 1.9 35.5   
  400 403 155 33.0 0.5 1.2 30.7   













Table 4.11 Product distributions and reaction conditions over SAPO-34s with different 
Si content in MTO reaction 
Sample 
Temp 
(˚C)  (˚C)  TOS 
Methanol 
conv Product distribution (%) 
  Set 
   by 
Rxn  min (%) ethylene         Propylene DME   
Si/Al=0.1 400 412 5 99.0 31.0 44.0 0.2  
 400 409 55 48.0 5.4 8.4 29.0  
 400 404 105 50.0 1.0 1.7 47.0  
 400 404 155 11.0 0.1 0.3 11.0  
         
Si/Al=0.15 400 412 5 90.0 28.0 40.2 2.3  
 400 407 55 49.0 3.4 5.3 36.0  
 400 403 105 40.0 0.8 1.3 36.4  
 400 403 155 35.5 0.4 0.7 34.0  
         
Si/Al=0.3 400 416 5 98.0 30.7 44.2 2.4  
 400 410 55 50.0 4.3 6.1 36.0  
 400 404 105 13.0 0.3 0.4 12.0  
 400 404 155 40.0 0.6 1.0 39.0  
         
Si/Al=0.5 400 418 5 95.0 29.0 38.4 10.2  
 400 409 55 55.5 3.7 5.8 41.5  
 400 406 105 49.0 1.3 2.2 45.0  
 400 404 155 50.0 0.8 1.4 49.0  
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CATALYTIC PERFORMANCES OF SAPO-18 AND 
SAPO-34 IN CONVERTING DIMETHYL ETHER TO 
OLEFINS 
5.1 Preface  
    Oxygenates (e.g., methanol and dimethyl ether) have been produced from coal, 
natural gas or renewable biomass via the syngas route. (Spivey and Egbebi, 2007; 
Klier et at., 1997) Further conversion of methanol/dimethyl ether to light olefins is of 
great significance in view of sustainable economic development. (Vora et al., 1998) In 
addition, DME can be directly synthesized from natural gas and DTO reaction has 
been attracted as a promising research to meet world olefins demand. In this work, 
DTO reaction was conducted in a laboratory fix-bed reactor with a low gas space 
velocity of 1 h
-1
. The optimized catalysts, SAPO-18 and SAPO-34 (Chapter 4), were 
used in DTO reaction, and their catalytic performances in MTO reactions were 
compared. The results showed that SAPO-34 exhibited the highest selectivity towards 
ethylene but its activity decayed rapidly. On the other hand, SAPO-18 displayed the 
highest selectivity to propylene and higher catalytic stability than SAPO-34. The 
catalytic performances of SAPOs were found to be remarkably dependent on the pore 
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5.2.1 Chemicals and Synthesis 
    Total eight samples of SAPO-18 and SAPO-34 with different Si concentrations 
were synthesized and characterized. (See Chapter 4 for the details). 
5.2.2 Dimethyl ether to olefins reaction (DTO) 
    The feed DME (GC Assay >99.9%, Fluka) was diluted with nitrogen gas stream. 
The flow rates of DME feed and nitrogen were measured with pre-calibrated mass 
flow meter (Brooks 0154). The two gases were mixed well in a gas mixer and then 
sent to the reactor. The reaction was conducted at 400 ˚C and atmospheric pressure 
with a weight hourly space velocity (WHSV) of DME 1 h
-1
. The feed line temperature 
was controlled at about 150 ˚C using a heating tape and also reactor outlet line was 
constantly maintained at about 150 ˚C to avoid possible condensation of heavy 
hydrocarbons. The reactor and gas chromatogram used were the same as was used in 
Chapter 3. The experimental set-up for DME to olefin reactor was shown in Figure 
5.1.The following operating parameters were used. 
 Temperature: 400  ˚C (both activation of catalyst and reaction) 
 Pressure: atmospheric condition 
 Amount of catalyst: 200 mg  
 Catalyst activation: 1 h at 400 ˚C in nitrogen flow at 30 ml/min 
 Flow rate of DME: 16 ml/min and  2 ml/min 
 WHSV of DME: 9.5 h-1and 1 h-1 
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N2 = Nitrogen Vessel 
DME = Dimethyl ether Vessel 
F = Mass Flow Controller 
M = Mixer 
TC = Thermocouple 
PR = Pressure Regulator 
GC = Gas Chromatogram 
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5.3 Results and Discussions 
5.3.1 Coking effect in MTO and DTO reactions 
    As an alternative to MTO reaction, the synthesis of light olefins (C2-C3) from 
dimethyl ether (DME) feed was investigated.  According to our past MTO reaction 
experiences, intermediate DME formation enhanced catalyst activity especially 
deactivation rate. Thus, a trial DTO reaction with same WHSV value with MTO 
reaction was carried out to investigate the difference between methanol and dimethyl 
ether feeds over SAPO-34 catalyst with same temperature (400 ˚C) and atmospheric 
pressure. DME flow rate was controlled at 16 ml/min to achieve equal space velocity 
with MTO reaction. Nitrogen flow of 30 ml/min was used to dilute the feed streams 
and the reactions were tested for 200 min.  
     As mentioned above, it was found that DTO reaction occurred together with rapid 
deactivation of catalyst, as shown in Figure 5.2. The initial feed conversions were 
almost the same (complete feed conversion) in both MTO and DTO reaction but the 
DME feed conversion was dramatically dropped after 50 min of TOS. When the TOS 
was over 100 min, the conversion of DME feed approached to zero while methanol 
feed has over 50% conversion. In this case, pure DME feed was lack of water. DTO 
reaction has only light olefins synthesis but no dehydration step. In MTO reaction, 
dehydration of MeOH feed improved catalytic activity because the produced steam can 
prevent the active sites of catalysts from coking. Thus, it was apparent that steam 
dilution to MeOH/DME might be one of efficient processes to increase catalytic 
activity. 
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Figure 5.2 Catalyst activity of SAPO-34 with different feeds
 
                      
5.3.2 Catalytic performances in DTO reaction 
    To investigate the DTO reaction, we chose DME space velocity of 1 h
-1
 by setting 
the feed flow rate at 2 ml/min. Several tests were carried out by DME feed over 
SAPO-18 and SAPO-34 with Si/Al value of 0.1, 0.15, 0.3 and 0.5 catalysts, keeping 
constant operating temperature of 400 ˚C and atmospheric pressure. Ethylene and 
propylene were found as main products together with unreacted DME, methanol and 
methane.  
    As shown in Figure 5.3, all four SAPO-18 catalysts have initial DME conversion of 
100%. The heat formation by DTO reaction was obviously lower than that of MTO 
reaction but the highest heat formation was observed in SAPO-18 (Si/Al=0.5) which 
was in agree with MTO reaction. It was directly related to the reaction between the 
acid sites of catalysts and the feed molecules. The higher the acid sites of the catalyst, 
the more heat of formation in reaction. However, in the case of DTO reaction, highest 
olefins selectivity was not associated with high heat formation. Because of low space 




 can be seen in detail, 
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in Figure 5.4 and 5.5. Although the complete DME conversion was observed in initial 
conversion, the optimum selectivity was achieved after 100 min TOS. The forward 
reaction produced main products olefins and the backward product of methanol 
formation was not greater than 7% throughout the reactions. Like in MTO reaction, 
SAPO-18(Si/Al = 0.1) performed the best among four SAPO-18s in DTO reaction. It 
can maintain highest olefins production (76%) for 150 min while others for 100 min. 
In addition, olefin selectivity of 64% was maintained even the reaction time was over 
350 min. In addition, the catalytic activity and selectivity decreased when the Si 
content increased in catalyst.  
    The activity of SAPO-18s was in the order of Si/Al=0.1> Si/Al=0.15> Si/Al=0.3> 
Si/Al=0.5 and also the same order for olefins selectivity except the Si/Al = 0.3 sample 
which did not reach maximum olefins selectivity of 76%. It might be deficiency in 
crystallinity because the XRD pattern of as-synthesized SAPO-18(Si/Al = 0.3) sample 
showed some amophorous peaks of silica. 




 ratio was not constant in DTO reactions. TOS up to 100 min, 
the ratio was about 0.5. When the TOS was over 100 min, the C3
=
 value obviously 
dropped while C2
=
 selectivity was not much different. It can be agreed that the first C-
C formation in DTO reaction might be ethylene and after that it converted to propylene. 




 formation might be 





 were covered by coke which reduced C3
=





increased with TOS. 
 Chapter 5. Catalytic Performances of SAPO-18 and SAPO-34 in Converting Dimethyl 






























Figure 5.3 DME conversion Vs TOS over SAPO-18 with different Si/Al values   
(pressure = 1atm, Temperature = 400 ˚C, WHSV = 1 h-1) 
 





























Figure 5.4 Ethylene selectivity Vs TOS over SAPO-18s with different Si/Al values in 
DTO reaction 
                            
 Chapter 5. Catalytic Performances of SAPO-18 and SAPO-34 in Converting Dimethyl 




            






























Figure 5.5 Propylene selectivity Vs TOS over SAPO-18s with different Si/Al values in 
DTO reaction 
                   
    The conversion behaviors of the SAPO-34 Si/Al (0.1, 0.15, 0.3 and 0.5) catalysts in 
DTO reaction varied considerably according to their physiochemical properties in 
terms of activity and selectivity, as shown in Figure 5.6. The four SAPO-34s 
completed DME conversion up to TOS of 150 min. Figure 5.7 and 5.8 showed the 
ethylene and propylene distribution with TOS over the four SAPO-34 catalysts. Their 
product components were essentially the same although the compositions differed, 
indicating that DTO reaction mechanism was affected by different Si containing 
catalysts. 
    Although the performances of four SAPO-34 catalysts in MTO reactions were 
similar, the results in DTO reactions were quite clear. Significantly, sample with Si/Al 
= 0.1 maintained the highest olefins selectivity of 82% up to 200 min, whereas the 
sample with Si/Al = 0.5 was inferior to other three SAPO-34s in both selectivity and 
activity. The variation of Si content in synthesis gel was directly proportional to their 
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catalytic properties. The lifetime and olefins selectivity was found as in order of 
Si/Al=0.1> Si/Al=0.15> Si/Al=0.3> Si/Al=0.5.  The highest ethylene selectivity of 
40% was achieved on SAPO-34 while only that of 30% for SAPO-18. With the elapse 





reached a maximum of 1 at TOS was over 300 min. The total olefins selectivity of 
SAPO-34 was significantly larger than that of SAPO-18. In particular, higher acidity 
of SAPO-34 (Brönsted acidity) was superior to ethylene selectivity than others.  
 



























Figure 5.6 DME conversion Vs TOS over SAPO-34s with different Si/Al values   
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Figure 5.8 Propylene selectivity Vs TOS over SAPO-34s with different Si/Al values in 
DTO reaction 
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    The most promising catalysts in MTO reactions, SAPO-34 and SAPO-18, were used 
to systematically investigate the nature of DTO reaction. The heat formation in DTO 
reaction was nearly one-fourth of MTO reaction and thus high exothermic heat 
formation can be eliminated in DTO reactions. The observed reaction temperatures 
were different based on the acidity of catalysts. The catalyst with highest acidity gave 
the highest reaction temperature but it dropped upon longer reaction time and 
deactivated quickly. Although the olefins yield was not different with MTO reaction, 
rapid deactivation was observed in DTO reaction and high space velocity of DME feed 
was not applicable in DTO reactions over SAPOs. 
    In MTO reactions, the dehydration to DME process can be occurred on the weak 
acid sites of SAPOs even though the strong acid sites that give olefins formation were 
deactivated. However, it was different in DTO reaction where only strong acid sites 
were applicable and the weak acid sites were useless.  
    Both MTO and DTO reactions preferred mild acidic catalysts. Catalysts with very 
high acidity cannot perform very well because of rapid deactivation in short reaction 
time.  
    By comparing SAPO-34 and SAPO-18 in DTO reaction, we found that catalysts 
with Si/Al = 0.1 is optimum in terms of both activity and selectivity. The results 
exhibited that a slightly higher olefins yield for SAPO-34, compared to that of SAPO-
18, and a higher activity of SAPO-18. The difference in olefins selectivity among 
SAPO-34 and SAPO-18 was observed when TOS was less than 250 min and this 
might be basis of the acid sites concentration and strength. When the TOS was over 
250 min, the olefins yield of SAPO-18 was better than that of SAPO-34. It has been 
proven that less silicon (Si/Al = 0.1) incorporated SAPO-18 catalyst have the best 
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performance in both high space velocity MTO reaction and low space velocity DTO 
reaction with superior activity and comparable selectivity to SAPO-34. The detail 
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Table 5.1 Product distributions and reaction conditions over SAPO-18s with different 
Si content in DTO reaction 
Catalyst 
Temp 
(  ˚C) 
Temp 
(  ˚C) TOS 
DME 
conv Product distribution (%) 





Si/Al=0.1 400 403 5 100 19.0 46.6 0.0 
  400 404 55 100 21.7 41.1 0.0 
  400 404 105 99 27.9 48.5 0.1 
  400 404 155 99 28.8 48.2 0.3 
  400 403 205 98 29.3 47.2 0.7 
  400 403 255 95 28.4 44.4 1.9 
  400 403 305 85 25.5 38.7 4.0 
          
Si/Al=0.15 400 404 5 100 20.6 46.3 0.0 
  400 404 55 100 20.9 38.5 0.0 
  400 404 105 99 28.0 48.0 0.4 
  400 403 155 98 28.7 47.0 0.8 
  400 403 205 93 27.0 43.7 2.4 
  400 402 255 82 24.0 36.0 5.0 
  400 402 305 64 18.5 26.2 7.2 
          
Si/Al=0.3 400 406 5 100 18.7 36.9 0.0 
  400 406 55 100 24.1 41.7 1.0 
  400 406 105 99 26.6 43.8 1.1 
  400 403 155 98 27.1 43.3 1.4 
  400 403 205 92 26.1 40.5 2.0 
  400 402 255 81 22.6 34.1 3.4 
  400 402 305 63 17.0 24.6 5.2 
          
Si/Al=0.5 400 407 5 100 21.2 41.7 0.2 
  400 407 55 99 26.4 43.0 0.2 
  400 404 105 98 29.7 46.0 0.5 
  400 402 155 88 27.8 40.7 1.4 
  400 402 205 67 21.1 29.2 2.9 
  400 402 255 38 11.8 14.7 4.6 
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Table 5.2 Product distributions and reaction conditions over SAPO-34s with different 
Si content in DTO reaction 
Sample 
Temp 
(  ˚C) 
Temp 
(  ˚C) TOS 
DME 
conv Product distribution (%) 





Si/Al=0.1 400 407 5 100.0 27.2 41.4 0 
  400 406 55 99.9 34.7 43.8 0.0 
  400 406 105 99.5 38.2 43.8 0.1 
  400 406 155 96.6 39.2 42.7 0.3 
  400 404 205 87.9 36.7 38 1.3 
  400 404 255 67.4 27.3 26.9 4.6 
  400 404 305 36.0 13.3 12.3 6.1 
          
Si/Al=0.15 400 407 5 100.0 29.2 43.8 0 
  400 406 55 99.9 35.2 43.6 0.04 
  400 406 105 98.0 38.6 43.8 0.2 
  400 406 155 93.7 33.3 36.1 13.5 
  400 404 205 78.0 32.4 32.5 3.1 
  400 403 255 50.3 19.8 18.5 6.2 
  400 403 305 23.0 8.4 6.8 5.4 
          
Si/Al=0.3 400 407 5 100.0 27.5 43.2 0.1 
  400 406 55 97.4 35.3 44.0 0.3 
  400 406 105 92.4 35.0 41.0 1.0 
  400 403 155 83.5 33.0 35.3 2.9 
  400 403 205 68.0 26.4 26.3 6.0 
  400 403 255 49.0 18.3 17.6 7.0 
  400 403 305 32.0 11.5 10.5 6.4 
          
Si/Al=0.5 400 408 5 100.0 25.7 39.7 0.03 
  400 407 55 99.3 32.5 42.0 4.0 
  400 404 105 95.6 36.0 42.6 3.5 
  400 404 155 84.7 32.6 36.0 2.7 
  400 402 205 63.2 23.0 24.4 1.7 
  400 402 255 40.0 13.8 13.7 0.9 








CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
    The present work focused on the synthesis, characterization and evaluation of 
catalytic performances of SAPO-34 and SAPO-18 with different Si/Al ratios in the 
MTO and DTO reactions. 
    From the experimental results of this research, the following conclusions can be 
noted. 
 Small-pore SAPO molecular sieves (~ 0.4nm) with eight-ring openings can 
convert methanol to olefins effectively. Particularly, SAPO-34 and SAPO-18 
with 0.38nm pore size which are comparable with the sizes of light olefin 
molecules (ethylene and propylene) can effectively work than lager pore-sized 
catalysts SAPO-17 and SAPO-44 in MTO reactions. 
 The catalytic activity and selectivity of SAPOs were mostly determined by their 
pore structure and surface acidity. 
 In the MTO reaction, the initial olefins selectivity and complete feed conversion 
can be observed on SAPO-34 catalysts while SAPO-18 showed excellent 
activity and competitive selectivity of olefins. 
 SAPO-18 possessed the highest pore volume with a considerable fraction of 
mesopore volume formed due to small particles. 
 It is believed that a small amount of Si incorporated in crystalline microporous 
AlPO4 structures gives rise to isolated Si environments via the SM1 mechanism. 
However in the case of SAPO-18, it was found that both SM1 and SM2 
mechanisms occurred. 
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 NH3-TPD data proved that SAPO-34 possesses a higher acidity than SAPO-18. 
 Obviously, increasing Si content in synthesis gel favored the increase of acidity 
of catalysts but significant Brönsted acidity increase was not detected. 
 Increasing Si content gave more complex morphology in both SAPO-34 and 
SAPO-18. 
 In both high-space-velocity MTO reaction and low-space-velocity DTO 
reaction, SAPO-34 and SAPO-18 with low Si content (Si/Al = 0.1) performed 
the best in comparing with others. 
 SAPO-18 with a Si/Al value of 0.1 would be the optimum Si concentration to 
give excellent activity and comparative olefins selectivity because a study was 
done with Si/Al value of SAPO-18 was reduced to 0.05 and this catalyst did not 
get clear crystallinity and thus it was not presented in this study. 
 Significantly, MTO/DTO reactions were more effectively carried out only by 















    On the basis of the present study, the following recommendations are suggested for 
future study. 
 This study was focused on acidity of SAPOs by varying silicon content to 
control the catalytic activity. Hence, other methods for minimizing coke 
formation such as adding steam to the feed, decreasing particle size of 
catalyst to reduce diffusion resistance and modifications of SAPOs with 
transition metals are recommended. 
 Further investigation on optimizing the acidity of SAPO molecular sieve for 
maximizing catalytic activity and selectivity can be conducted. 
 Synthesis of hierarchical SAPO-18 structure is suggested to enhance 
catalytic activity. 
 To further understand acid strength and density and silicon incorporation 
mechanism, X-ray fluorescence (XRF), and Infrared Spectroscopy (IR) 
techniques can be used as additional characterization tools. 
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